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Durant les deux dernières décennies, des travaux ont été effectués sur le remplacement de 
l'articulation du genou humain. Ceci est dans un but de trouver un remède au problèmede l'arthrite 
du genou. Les implants cimentés et non cimentés sont deux types utilisés pour le traitement 
anhroplastique du genou. Les implants non cimentés présentent principalement deux types de 
problèmes majeurs : ledescellement et l'usure. Dans ce typed'implants, le frottement à l'interface 
de l'os-implant et les vis/tiçes sont utilisés pour assurer lastabilité requiseà la fixation durant la 
période pst-opératoire où les attachements osseux-implants nesont pas suffisamment développés. 
Le présent travail a été conçu dans le but de développer un modèle du système genou - implant 
par éléments finis, afin d'étudier la fixation mécaniqueet lastabilité, avec une chargestatique, de 
différentes conceptions et différents modèles de frottement. A cet effet, des études primaires nous 
ont permis d'examiner le frottement à I'interfacede l'os et del'implant, ainsi que l'arrachement des 
Dans la première partie, vu l'importance des frottements sur lastabilité des implants, des tests bi- 
directionnels de frottement ont été réalisés entre un cube de matériau osseux et une plaque 
métallique à surface poreuse. Ceci a permis de déteminer les propriétés mécaniques del' interface 
pour pouvoir les introduire dans le code d'éléments finis (3D) d'implant non-cimentés. cet effet, 
des spécimens osseux ont été extraits de différentes régions proximales de tibias et une plaque à 
surface poreuse a été préparée. Le montage expérimental utilisé pour les tests de frottement uni- 
directionnel a été modifié afin de pouvoir appliquer des charges normales entre elles et tangentielles 
a la surface de contact, et enregistrer les déplacements induits dans le plan. Les résultats mesures 
ont montré que la courbe charge - déplacement est fortement non linéaire avec un couplage 
significatif entre les deux directions. Le coefficient de frottement a été trouvé presque invariant du 
site anatomique de la surface osseuse extraite du tibia. Des tests bidirectionnels ont suggéré que 
la relation charse-déplacement, évaluée pour les valeurs résultantes, reste siniilaire au cas du test 
uni-directionnel. Par lasuite, les équations constitutives considérant les termes decouplage entre 
les deux directions perpendiculaires ont étédéveloppées et utilisées dans un modèle d'élément finis 
3D simulant le test du frottement. La validation des termes de couplage a été effectuée par 
comparaison des résultats du modele d'élément finis 3D aux valeun mesurées cequi montre une 
concordance satisfaisante. Les mêmes essais ont été répétés en remplaçant l'os par du 
polyuréthanne donnant ainsi des résultats similaires. Les équations constitutives développées pour 
le frottement bi-directionnel sont alors utilisées dans les analyses par éléments finis 3 D simulant le 
test d'arrachement et le système os-implant dans le çenou. 
Dans la deusième partie, vu le rôle des vis et des tiges dans le montage implant-os, le 
comportement des vishiçes (lisses et poreuses) insérées dans le cylindreen polyuréthanneaété 
étudié pour le cas de t'arrachement a charçement incliné. Ce comportement a été observé 
expérimentalement ainsi que par le modèle des éléments finis proposé. II a été trouvé que le 
charçement incliné diminue la résistance d'arrachement des vis, par contre, augmentecelle d a  tiges 
poreuses. Pour le cas des tiges lisses, l'influence n'est pas considérable. Ces résultats ont été 
confirmés par l'utilisation de la méthodearpérirnentdeainsi que par éléments fins. Cettevalidation 
nous a permis, alors, d'intégrer les approches proposées dans le modèle d'éléments finis 3 D du 
système genou - implant. 
Finalement, le modèle d'éléments finis 3 D constitue du système çenou - implant nous a permis 
d'étudier de l'influence des types de fixation du tibiaainsi quedes types de frottement durant la 
période post - opératoire du çenou (où les attaches biologique ne sont pas encore développées) 
sur le comportement du système. L'interface os-implant a été modélisée en se basant sur les 
équations constitutives bidirectionnelles de frottement développées dans la première partie. Les 
propriétés de frottement entre le fémur et le polyéthylène ont aussi étédéteminées. L'os d'après 
la littérature présente des propriétés mécaniques élastiques linéaires mais hétérogènes. Les 
caractéristiques élastoplastiques du polyéthylène ont été introduites dans le modèle présent. Les 
vis/tiges ainsi que les formes çéométriques obtenues expérimentalement pour les différentes 
composantes ont été integrées dans lemodéle. Différentes configyrations de la plaque fixée sur le 
tibia ont été considérées: plaque à 3 vis, plaque a unevis et deux tiges et une plaque libre. Un 
poids de 2000N correspondant à trois fois celui du corps a été appliqué sur le fémur. II a été 
constaté que le modèle de frottement deCoulornbsous estime le déplacement relatifà l'interface 
de I'os et de l'implant. Le cas de la plaqueà3 vis adonné moins de déplacements relatifs et moins 
de dCcoIlaçe (lift-off). Le déplacement relatif à l'interface de l'os et de l'implant ainsi que la 
distribution des contraintes ont ététrouvés dépendant du type de la fixation. Dépendamment du 
typede la fixation, les os cortical et cancellous supportent respectivement I O à 1 3% et 680% 
de lacharse. Le reste est transféré sous forme de cisaillement entre les vis/tiges et I'os. Cependant 
les contraintes nomales et de Von Mises dans le polyéthylène sont indépendantes du type de 
fixation. Les valeurs maximales de ces contraintes dépassent la contrainte d'écoulement etsont 
localisées à 1-2 mm au-dessous de lasurfacede contact pour tous les types de fixation. Base sur 
les résultats des études par éléments finis, le rôle important de la friction et des vidtiges sur la 
stabilitC de la fisation a été démontré. Il a été recommandé qu'un nombre croissant de vis et de 
tiges et d'une localisation de ceux-ci dans le périmètre de design peuvent réduire les micro- 
mouvements. En utilisant des surfaces poreuses avec des grands coefficients de fiction on peut 
aussi augmenter la force de cisaillement à l'interface ce qui assurera une fixation plus rigide. 
Total joint replacement has been significantly developed in the last two decades to provide a 
solution to the arthritic joint. Cernented and cementiess implants are two types that are mently 
used in the joint arthroplasty . In a cernentless implant, fktion at the bone-implant interface and 
screwslposts are employed to provide the required fixation stability of the structure in the 
irnmediate post-operative pend with no biological attachment In the canentless implant, loosaiing 
ofthe tibia1 prosthesis and pol yethy lene wear remain as two main causes of the implant failure. This 
work deals with the initial fixation andstability ofcemendess implants. Due to the important role 
offiidon and screw~/posts in the initial fixation, fiction charaaerimcs at the bone-implant interface 
and pullaut test behaviorunderinclined load were determineci. Finally, a 3-D finite element model 
of the knee-implant system was developed to investigatethe influence of different friction models 
and fixation design configurations on fixationstabilityundas~c loading. The mimmotion at the 
knee-implant interface and stress distribution within the bone and polyethylene were studied, as 
well. 
in  the first part due to the importance of fiction role in the M o n  stability of implant bidkeaional 
friction tests between cancellous bondpolyurethane cubes and a porouscoated metai plate were 
performed to detemine the mechanicd properties ofthe interface required in 3-D finite elernent 
model studies of cementless implants. For this purpose, bone specirnens obtained from proximal 
regions of tibia and a beaded porous-surfaced plate were used. The apparatus used for uni- 
directional fiction tests was modifieci to apply tangentid loads in perpendicular directions and 
monitor the corresponding displacements Measured results showed that the interface 
load-displacernent m e  was highly nonlinearwith signincant mupling betweentwo perpendidar 
directions. B i-directional tests suggested that the load-displacement relation w hen evduated for 
resultant values was similar to that obtained in auni-directionai testing condition. Constitutive 
equations that account for the cross-sti&ess coupling ternis be"tween papaidicular directions were 
also developed and used in a 3-D finite element mode1 study of preceding bi-directional fiction 
tests. The influence ofthe coupling tenns on r d t s  was investigated by cornparison of predictions 
with measurement results. Asatisfactory agreement was found between the rsults of experiments 
with those offinite elernent studies confuming the constitutive relations as well as the i m p o ~ c e  
of coupling terms. The equations developed here wereused in thesubsequent 3-D finite element 
analyses, i.e., the pull-out tests and the knee-implantsystem. Similarexperimentavfinite element 
investigations were repeated for the polyurethane cubes replacing cancellous bone specimens to 
further study the nonlinear coupled characteristics of such interfaces in bi-directional friction 
conditions. Polyurethane specimens yielded results comparable to thoseobtained using bone 
specimens. 
Second part included the saidy undertaken to investigate the effect of combined loading on pull-out 
fixation response of bone screws, porous coated posts, and smooth-surfaced posts inserted in 
polyurethane matenal. Screws and p o s ~  are used in various implant designs to contribute to the 
fixation stability of artificial joints. Finite element models ofthe saews/posts were proposeci and 
vaiidated b y wperimental tests. The &èct of inclinaiion in posts and screws s howed three differen t 
patterns. uicreasing the inclination angle increased the axial pull-out load for porous coated posts. 
It did not, however, significantly aff'ktthat for smooth-surfaced posts whilethe axial puil-out load 
for the screw reduced with load inclination. Thesatisfanory agreement between numerical and 
experimental results confirmed the accuracy in modeling the interface, posts, and screws. The 
developed models were, therefore, used to investigate the post-operative short term fixation 
stability of various implant designs. 
In the 1st part, a three dimensionai noalinear finite element mode1 was developed to investigate 
tibia1 kation desigos and fiictionmodels in total knee arthroplasty in the imrnediate postoperative 
period without biological attachrnent. B i-directional friction properties were used for the bone- 
porous coated implant interface. Baseâ on themeasurernents of friction properties at the interface 
between polyethylene and smooth metal surface, Coulomb's friction (p 4.045) was considered 
to model the polyethylene-femoral component inte~ace. Linear elastic isotropic but hetemgenous 
mechanical properties were considered for bone. Tension tests were performed to obtain the 
mechanical behavior of the polyethylene required forthe simulation. The elasto-plastic isotropic 
hardening mechanical model was used for polyethylene in the finite element analysis. Based on the 
eariier finite element and expenmental pull-out studies, posts and screws were also reliably 
modeled. Thegeometry of every component was obtained through measurements. The Porous 
Coated Anatomid (PCq Howrnedica inc.) tibia1 baseplate with threedifferait configurations was 
considered; onewith three screws, one with one screw and two short inciined porous-coated pegs. 
and a thirdone with no fixation forthe sake of cornparison. Three times body weight was applied 
through the femoral component on the medial plateau of articular insert. It was found that 
Coulomb's friction significantl y underestimates the relative micromotioa at the bone-implant 
interface. The loivest micromotion (2 1.8 pm) and liftoff(2 1.6 pm) were found for the design with 
screws. Cortical and cancellous bones &ed, respectively, 10- 13% and 65086% of the axial load 
depending on the fixation configuration considered. Normal (48 MPa) and Mises (23 MPa) 
stresses as well as contact ara in the polyethylene insertwere independent of the baseplate fixation 
design. Maximum Mises stress in polyethyleneexceeded the yield stress and was found 1-2 mm 
below the contact surface for al1 designs. 
The fmite element analyses revealed the ~ i ~ c a n t  dependency of relative micromotion and stress 
transfer at the bone-implant interface on the friction model and on the baseplate anchorage 
configuration. However, stresses within the polyethylene were found to be independent of the 
baseplate fixation. The saidy also mnfirmed the superior performance of screws in preventing the 
micromotion and the lift-off. 
xii 
Le remplacement du genou humain est devenu un moyen de plus en plus efficace de réduire la 
douleur associée à l'arthrite. Le nombre de remplacement, particulièrement I'arthoplastie de la 
hanche et du genou, a augmenté de façon significative avec un taux de succès clinique dépassant 
les 80%. Cette augmentation est amenée &se poursuivre avec le vieillissement des populations 
occidentales. Plus de400 000 anhoplasties de la hanche et du genou sont effectuées chaque année 
aux États Unis sedement. Des défaillances ont été notées avec la méthode utilisée actuellement 
pour la prothèse du genou. Des problèmes comme le descellement, l'usure du polyéthylène, et le 
bris d'éléments métalliques ont &observés cliniquement. Le relâchement et l'usure du polyéthylène 
affectent la performance à long terme de la prothèse du genou de façon défavorable. 
Deux types d'implants, i. e., cimentés ou non, sont actue1lement utilisés dans I'arthoplastie du genou. 
Tandis que dans les implants cimentés, le ciment est utilisé comme agent liant entre les éléments 
prothétiques et le. os, dans la implants non cimentés, la prothèse est directement en contact avec 
l'os hôte. Les études à long terme ont également révélé que le mode principal de défaillance du 
remplacement total du genou est le relâchement mécanique a l'interface os/implant. Afin de fournir 
un produit plus stable a long terme, il aété proposé de fixer la couche poreuse des implants aux 
os par la croissance osseuse rendant une W o n  biologique. La fmtion à court terme des implants 
non cimentés est obtenue à l'aide de vishiges. Le succès à long terme de l'opération dépend de la 
réussite d'une telle intégration biologique. 
L'autre problème fréquemment rencontré relié a la prothèse du genou, est la cassure de la " ultra 
high molecularweight polyethylene" (UHMWPE) qui peut prowquer le mouvement de particule 
d'usure de polyéthylène dans le corps et peut entraîner le dysfonctionnement de l'implant. Les 
débris de polyéthylène peuvent causer des l'ostéoiisys, la résorption et le relâchement La cassure 
X l l l  
du polyéthylène a été notée dans plusieurs analyses de prothèses. II a été remarqué que cenains 
facteurs comme la qualité du polyéthylène, les procédés de fabrication et les méthodes de 
stérilisation affectent gravement la résistance à l'usure du polyéthylène. 
Par conséquent, la prothèse du genou et les problèmes qui y sont reliés constituent le sujet de 
nombreuses recherches récentes. Le présent travail a également été conçu dans le but de 
développer un modèle d'éléments fmis du système genou-implant, afin d'étudier la futation 
mécanique et lastabilité de différentes conceptions et différents modèles de frottement. Dans un 
implant non cimenté, le frottement à I'interfaceos/prothèsejoue un rôle important dans la réponse 
mécanique du système, en particulier dans la période post-opératoire immédiate, où aucune 
croissanceosseuse ne s'est encore produite et le frottement reste le seul moyen de transfert de la 
charge dans la directions tangentielles aux inteifaces communes. Les propriétés du frottement uni- 
directionnel à l'interface entre l'os spongieux du tibia et plusieurs plaques de métal furent mesurées 
auparavant. Dans un problème de contact a trois dimens ions, les pièces articulées peuvent subir 
des mouvements relatifs et développer des forces de cisaillement dans différentes directions à 
l'interface commune. Ces directions peuvent aussi changer durant la déformation. Le phénomène 
de frottement bi-directionnel entre deux corps nécessite une recherche expérimentale. 
Ainsi, afin d'étudier les propriétés de fiidon bi-directionnel à l'interface entre la surface de l'os 
poreux et le métal, le montage expérimental utilisé pour des tests uni-directionnels a été modifié 
pour permettre l'enregistrement continu de charges et de déplacements relatifs dans des directions 
perpendiculaires à l'interface. Dans des conditions nomaies de pression, plusieurs charges testées 
ont été appliquées dans une direction alors que dans l'autre direction la charge était augmentée par 
pas successifs. La réponse dans les deux directions a été mesurée simultanément Les mesures 
mènent àdes courbes de force de frottement en fonction du déplacement similaires aussi bien pour 
les valeun des tests bi-directionnels que pour celles des tests uni-directionnels. Les résultats 
expérimentaux montrent clairement la présence de couplage entre ces deux directions 
perpendiculaires. C'est le cas pour l'os spongieux avec toutes les régions de l'os. Le coefficient de 
frottement à l'interface reste aussi presque inchangé avec l'amplitude relative des contraintes 
tangentielles et du lieu de coupurede l'os, et c'est pratiquement la même que celle trouvée dans les 
tests unidirectionnels. Les résultats de mesure de cette étude indiquent que le c&ciait de fiction 
à l'interface métaVos ne dépend pas de l'emplacement de la coupure de l'os. Les courbes de 
frottement mesurées sont très fortement non linéaires avec des déplacements relatifs très grands, 
dans un intervalle de 60 a 500 Pm, dépendant de l'emplacement de la coupure de l'os. La pente 
initiale est plus forte dans les régions médiale et latéraie, ceci est dû au fait que le module élastique 
de l'os dans la région proximale du tibiaest plus grand dans les sites latéraux et médians que dans 
les autres sites. Les déplacements relatifs de l'interface sont aussi indépendants de l'amplitude des 
charges appliquées précédemment. 
Une approche analytique basée sur les court>es charge/déplacementunidirectionnel a aussi été 
présentée. Ces équations ont été développées avec I'hypothèseque des micromouvements arrivent 
dans la direction de la force résultante et que cela suit la courbe chargddéplacement 
unidirectionnel. Dans 1 s  développements en cours, les propriétés de frottement dans différentes 
directions sont supposées être couplées. Le couplage des propriétés de friction a introduit des 
termes hors diagonale dans les relations de base. Ces équations ont été introduites dans les études 
du modèle d'éléments finis des tests de frottement bi-directionnels. Un bon accord aété trouvé 
entre les résultats du modèle et ceux de l'expérience. Cet accord satisfaisant n'aurait pas été obtenu 
si les termes decouplage de l'équation 2.3 n'avaient pas été considérés dans lemodèle d'éléments 
finis. Des résultats similaires ont été obtenus quand des cubes de polyéthylène ont remplacé les 
spécimens d'os spongieux. Ainsi, dans I'étudepar éléments f ~ s  en 3-Ddu contact entre les corps 
avec des intnfaces isotropiques, tel qu'avec l'arthroplastie des joints non cimentés, les formulations 
du frottement couplé présentées dans ce travail devront être utilisées. 
Depuis que dans les systèmes de prothèse du genou, les vishiges, supportent aussi bien les forces 
de cisaillement que les forces axiales, l'effet de l'inclinaison sur la force danachement aété étudie 
a travers des méthodes expérimentales et d'éléments finis. Dans le modèle d'éléments finis 3-D des 
tests d'arrachements inclinés, les équations de base du fiotternent bidirectionnel ont étéutilisées 
pour modéliser de façon précise l'interfaceentre le polyurethane et les tigeshris. Ainsi le but de cette 
partie du travail était : de proposer des modèles efficaces d'éléments finis pour l'analyse de la 
fixation des vis ; et de rechercher i'effet des charges de cisai llement sur la force d'arrachement des 
tiges (lisses et poreuses) et des vis. 
Dans les premières études de mesures, les surfaces lisses des tiges ont démontré une performance 
supérieure d'arrachement sous des conditions de charge simple et de fatigue lorsquielles étaient 
comparées à des tiges à surface poreusede mêmedimension. Les résultats expérimentaux et par 
éléments finis des tests d'arrachement incliné indiquent que la différence précédente diminue en 
présence decharges de cisaillement. La force d'arrachement axiale de tiges lisses n'est pas affectée 
de façun significative par l'accroissement de i'angled'inclinaison de la force de retrait. Ceci est dû 
a des contraintes normales élevées a t'interface des tiges B surface lisse et du cylindre de 
polyuréthane. Cependant, l'inclinaison de la charge affkcte la charge d'acrachernent axiale pour des 
tiges à surface poreuse. Ceci est dû B la modification des contraintes normales i l'interface. Les vis, 
cependant, ont démontré une diminution constante de la force d'arrachement dans la direction 
axiale avec des charges combinées. Ceci peut être en partie dû à la Limite placée sur la contrainte 
de cisaillement à l'interface qui ne doit pas dépasser la résistance en cisaillement mesurée sur le 
matériau. 
La géométrie d'une vis étant complexe, le modèle par éléments fh, mécaniquement équivalent, 
d'une vis pour l'os a été proposé en remplaçant les vis par des tiges avec des propriétés modifiées 
à l'interface. Le coefficient de Wction, approximativement de 2, a été proposé et validé après 
comparaison de l'état des contraints autour des tiges équivalentes, avec les résultats obtenus 
numériquement pour un modèle de vis axisyrnmétrique et détaillé. Le bon accord entre les résultats 
numériques et expérimentauxconfirme la précision de la modélisation des tiges et des vis. Ces 
modèles vont ainsi pouvoir être utilisés dans de prochaines études sur la fixation d'implants. 
Dans un dernier temps, le modèle 3-D par éléments finis de l'implant du genou a été développé afin 
d'étudier les mécanismes de transfert de charges et les mouvements rniaosmpiques aux interfaces. 
C'est pourquoi, 
lagéométrie du tibiaaétéconstmiteàpartirdeme~u~es effectuées sur le tibiadroit d'un 
adulte de taille moyenne. Une plaque tibiale modulaire à surface poreuse avec deux 
configurations de fixation a été utilisée dans ceneétude. Le CMM (Coordinate M d n g  
Machine) aété utilisé pour mesurer les surfaces aniculaires des éléments fémoral et tibial. 
La génération de maillage a été exécutée parun programme de notre groupe de recherche. 
Un maillage plus a été pris en compte am régions de contacts. Deux configurations 
différentes ont été utilisées, la première inclue une plaque tibiale avec trois vis (cancellous 
screw) , la seconde possède une vis dans la région antérieure et deux petites tiges àsurface 
poreuse inclinées postérieurement. A titre de comparaison un autre modèle à plaques 
ti bides à surface poreuse sans fixation reposant librement sur l'os a été utilisé. Le maillage 
inclus environ 10900 briques à huit n a &  et des éléments en fome de prisme triangulaire 
linéaire a six nœuds et un total de 14300 nœuds. 
Des études par éléments finis ont laissé supposer que l'effet d'anisotropie de l'os spongieux 
peut être négligé si son hétérogénéité est prise en compte. Ainsi, dans cette étude, un 
modèle linéaire, élastique, isotropique, mais hétérogène a été utilisé pour modéliser les 
propriétés du matériau spongieux et cortical. Suivant la région (20 régions au total), le 
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module d'élasticité pour I'os cancellous varie de 17 à 340 MPa. Le module d'élasticité 
pour I'os cortical est supposé augmenter de 1000 à 9800 MPa a partir de l'épiphyse 
jusqu'au diaphyse moyen. Un coefficient de Poisson de 0.3 est considéré aussi bien pour 
I'os spongieux que pour I'os cortical. Étant donné l'existence de dispersion dans les 
propriétés mécaniques du polyéthylène, des tests en tension ont été effectués à partir de 
ASTMD638-94B. Le module &élasticité et la contminte élastique ont respectivement été 
pris à 1 O83 .O et 13 .O0 MPa, tandis que le coefficient de Poisson était de 0.45. Un modèle 
de durcissement élastoplastique isotropique a été considéré pour le polyéthylène. Les 
éléments restant de la plaque fémorale ettibiale métallique sont modélisés par un matériau 
lin& élastique de module d'élasticité de 220 GPa a de d c i a i t  & Poison de 0.3. 
L'interface entre I'os et la prothèse a été modélisée en utilisant les équations de bases 
développées pour des propriétés de fiction non linéaire et bi-directionnelle. Les propriétés 
de friction ii lasurface polyéthyiène/métai lisseont égaiement été mesurées et les variations 
du cd5cient de friction avec pression de contact ont été aussi analysées pour des surfaces 
sèches et humides (avec une solution saline). Le coefficient de friction pour le contact sec 
était légèrement supérieur que celui du contact humide. Une analyses tatistique révèle un 
effet significatif de la condition de contact et de la pression de contact sur le coeficient de 
friction. L'interface entre le polyéthylène et le condyle métallique fémoral était, ainsi, 
modélisé en utilisant un modèle de friction de Coulomb. Le coefficient de friction à 
l'interface aété pris égale à 0.045 potrune condition de surface humide. L'interface entre 
la plaque métallique et le polyéthylène inséré a été considérée fixe. Ceci est basé sur le 
mécanisme de blocage à l'interface qui permet la prévention du mouvement relatif. 
O On asupposé la force de compressionde trois fois le poids du corps (BW) à 2000 N. La 
force totale a été appliquée seulement sur le condyle fémoral médian pour simuler un 
alignement variable. Le bout périphériquedu tibiaa été fixédans toutes les directions. 
Les résultats de lasimulation par éléments finis montre que les déplacements prévus de la plaque 
sont cohérents avec ceux des précédentes études expérimentales et numériques. Les amplitudes 
de déplacement pour l'implant tibia1 varient en fonction de la conception prosthétique utilisée. Le 
déplacement dans ladirection axiale (Z) a montré la faible dépendancesw laconfiguration de la 
fixation, particulièrement dans le plan A-P (sagittal). Les déplacements au nœud de I'i nterface 
os/implant étaient plus grands dans la direction X (MOL), i.e., environ de 160 à200 Fm, que dans 
la direction Y (A-P), d'environ 40 à 75 Fm. Il a été trouvé que le déplacement à Ilintedace est plus 
grand à 1'0s qu'à l'implant Le décollage de la région latérale mène à un espace entre l'os et l'implant 
réduisant ainsi la surface de contact effective et augmentant, à son tour, la pression de contact et 
donc un affaissement dans la région médiale opposée. La f d o n  utilisant des vis donne le plus petit 
décollage suivi par celle avec des tiges. 
L'incompatibilité des déplacements entre l'os et l'implant a l'interface crée des micro-mouvements 
relatifs qui étaient plus grands dans la configuration sans fixation. Le design avec les vis, suivi de 
celui avec une vis et deux tiges amène à la réponse la plus rigide. Conformément aux autres études, 
le modèle de fiction à l'interface influence de fapn significative les micro-mouvements relatifs 
autant dans les directions M-L que A-P. Le frottement de Coulomb, tel que comparé avec le 
modèle de frottement non-linéaire, sous estime considérablement les micro-mouvements relatifs 
tangentiels. L'amplitude maximale d'un micro-mouvement pour un design de fixation avec vis et 
tiges, a été calculé numériquement pour rester sous les 28 Fm, ce qui est compatible avec la 
croissance de l'os. Les mouvements relatifs excessifs peuvent diminuer la prolifération de l'os sur 
la surface poreuse de i'irnplant Dans toutes les configurations de design, l'amplitude maximale du 
micro-mouvement est atteinte dans le périmètre de l'implant. 
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La contrainte de contact normale à I'interface entre l'os et l'implant varie en fonction du design. La 
contrainte de contact maximale àl'interface de l'os cancellous et de l'implant était de 2.8 1 MPa 
pour le design avec tiges et de 2.56 MPa pour celui avec des vis, calculée à la limite médiale 
adjacente à la surface supportant la charge. Le design avec des vis et tiges amène des contraintes 
de contact à l'interface plus faibles, ceci est dû a la transmission partielle de la charge de 
compression appliquée via les forces de cisaillement atravers les interfaces verticales entre I'os et 
les tigeshis. Dans le design avec fixation parvis, 23 % de la charge axiale a été transmise par d a  
vis comparée a 7 % dans un design de fixation avec des tiges. Une augmentation de l'interférence 
à l'interface pourrait augmenter la proportions susmentionnées. Mis à part les vis et les tiges la 
force totale supportée par I'os cancellous (avec une surface de contact totale d'environ 2050.0 
mm2) et un os corticai (avec une surface de contact de 1 6.0 m m 3  varie respectivement de 65 à 
86 % et de 1 1 à 13 % de la force axiale totale, et dont les plus petits pourcentages sont obtenus 
numériquement pour le design à trois vis. De plus grandes pressions de contact sont prévues avec 
un os cortical. Les contraintes sous leplateau au niveau des surfaces vis/tiges sont plus faibles avec 
des fixations que sans. 
Un autre problème maj eur avec le remplacement du genou est I'usure du polyéthylène qui peut 
causer la fracture de composants et le l'ostéol yse périprosthétique. Des facteua comme le poids 
du patient, le sexe, le niveau d'activité et l'âge peuvent j ouer un rôle dans l'usure du polyéthylène. 
Il a ététrouvé que l'amplitude prédite de la pression de contact normale (48 .O MPa) est bien au- 
dessus de lacontrainte de l'écoulement (13 .O MPa). La contrainte de Mises maximale a la plaque 
de polyéthylène devait arriver en dessous de lasurface de contact, pour laquelle l'emplacement 
avait été trouvé indépendant du design de lafmtion. il aétéaussi démontré que l'amplitude de la 
contrainte de lMiSes maximale est indépendante de la configuration de la fixation. Il est apparu, par 
conséquent, que la modélisation idéale de l'interfaceplaque/os n'était pas aussi fondamentalesi on 
s'intéresse de façon primordiale au calcul des contraintes sur le polyéthylène. Les résultats 
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pourraient également être modifiés pour des insertions de polyéthylène plus minces que 7 mm. Les 
contraintes sur le polyéthylène dépendent entre autre de son épaisseur et de sa conformité. 
L'épaisseur recommandée est alors d'au moins 6 à 8 mm. 
Basésur les résultats des études par éléments finis, le rôle important de la friction et des vidtiges 
sur lastabilité de la fixation a été démontrée. Il aété recommandé qu'un nombrecroissant de vis 
et de tiges et d'une localisation de ceux-ci dans le périmètre de design peut réduire les micro- 
mouvements. En utilisant des sufices poreuses avec des grands coefficients de friction on peut 
aussi augmenter la force de cisaillement à l'interface ce qui assurera une fixation plus rigide. 
En conclusion, les résultats de ce travail peuvent être résumés comme suit : 
Les résultats en pure contrainte de tension du polyéthylène montrent une déformation 
plastique significative sous contrainte faible. Le module et la contrainte de l'écoulement 
mesurées sont respectivement de 1083.0 et de 13.0 MPa, 
le coefficient de fiction mesuréa I'interFdce métaVpolyéthy1ène varie, respectivement, pour 
des surfaces sèches et humides de 0.05 à 0.10 et de 0.04 a 0.08, 
le coefficient de friction a l'interfacepolyéthylendmétal diminue lorsque la pression de 
contact augmente, 
le co&cient de fiction mesuré? à i'interface entre l'os e< le méial asdace poreuse, à l'aide 
de tests de friction bi-direaiomels sont identiques à ceux obtenus par des tests de friction 
uni-directionnels, 
les tests en fiction bidiredomeis, l'interface os/polyurétfiane et métal a d a c e  poreuse, 
laissent supposer la présence de couplage entre deux directions perpendiculaires, 
l'augmentation de i'angie d'inclinaison pour les tests en arrachement influence d'autant plus 
le comportement de la vis et de la tige poreuses, 
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. la friction de Coulomb sous-estime les mouvements microscopiques prévus et la Fnction 
non linéaire devrait être prise en compte dans l'analyse de l'implant du genou, 
le design de la fixation avec des vis suivi du design de la fixation avec des tiges réduit 
considérablement les mouvements microscopiques et le décollage, 
le mouvement microscopique maximum a étéobtenu dans le périmètre de l'implant pour 
toutes les configurations, 
approximativement 1 O à 1 3 % de la charge axiale totale est supportée par l'os cortical, 
alon que I'os cancellous transfert 65 à 85 % suivant la fixation avec la partie qui reste, 
transmise Dar les vis et les tiges, 
les contraintes du polyéthylène sont indépendantes de la configuration du design et du 
modèle de friction, et 
la contrainte de Mises maximale apparaît à 1-2 mm sous la surface de contact avec le 
polyéthylène, alon que la contrainte nomalemaxirnaieéiait prévue à la surface de contact. 
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Over the p s t  three decades, total joint arthro plas ty has become an increasingl y effective means 
of reducingthe pain associated with arthritis. The number oftotal joint replacements, particulariy, 
hip and knee arthroplasty has grown significantiy with clinical success rateover 80%. a trend that 
is expected to continue with the aging population of the western societies. It was reported that 
more than 400,000 knee and hip arthroplasties are performed in the United States every year, 
alone (Praemer, et al. 1 992). The knee joint is an unconsaained joint that is subjectto loads up to 
several times body weight during the nomal human activitia. The greatest challenge in the knee 
arthroplasty is adequate fixation of implant to the tibia Problems, like sepsis of nrnounding tirnies, 
loosening, polyethylenewear, and fractueof rnetallic components (Moreland, 1988) have ben 
observed. 
Two distinct types of implants, i-e., cemented (Figure 1.1) and uncementexi implants (Figure 1.2), 
are currently used in the knee arthroplasty. While in cemented implants (Figure 1.3), the cement 
is used as the bonding agent between the prosthetic components and t&e bone, in cementless 
implants the prosthesis is in direct mntactwiththe host bone. Many researchers have pointed to 
potential disadvantages of cement, includmg limitai fatigue Me, accelenited polyethylene wear and 
bone loss (Jones and Hungerford, 1987). The long-term studies have rwealed that themajor mode 
of failure of total knee replacement is mechanical loosening at the bone-implant interface. To 
providea morestable ~nshuct  in long-term, fixation ofthe porous coated implants to the bone 
by the biological fixation has been proposed. Theshort-term fixation in cementless implants are 
achieved by the screws/posts. The porous coating is employed to promote bone ingrowth and, 
hence, a biologic attachment of the artificial jointto the host bone. The long-terni success of the 
operation depends, therefore, on the achievement of such biologic integration (Peters and 
Rosenberg, 1995). Although using the bonecement is very successful in maintaining the initial 
fixation by cernent polymerization, but the concem aboutthe long-term durability and adverse 
histologic response to the cernent has penisted. Due to this limitation, cementless fixation of total 
knee replacement has been advocated, particularly in youngerpatients. It has been shown that 
adequate initial fixation is needed to promote bone ingrowth. Successful total knee replacement 
requires a completeunderstanding ofthe biomechanics of the knee, an analysis of the nature and 
magnitude ofthe stresses created by kneereplacaneng and exploration of new prosthetic materials 
and methods of fixation (screws vs posts, number, size and location of screwlposts, . . .). Finite 
elemmt methods aiongwith experimental techniques have been used to study the mechanics of the 
knee-implant system. 
Many parameters are known to influence the biological ingrowth and the fixation stability, such as: 
a Pore size: Theoptimal pore size for bone ingtowth has been reported to vary between 100 
pm and 400 pm (Bobyn et al., 1980; Finlay et al., 1989). 
a Interface motion: Excessive interface motion has been demonstrated to have a deletenous 
effect on bone ingrowtfi into porous surfaces. Pilliar et ai. have shown bone ingrowth with 
relative displacements of less than 28 pm but fibrous fixation with 1 50 pm or more of 
motion (Piliiar, et al., 1 986). Excessive relative motions at the bone-porous coated metal 
interface are generall y recognized as a factor which decreases bone proliferation into 
surface pores of implants (Cameron et al., 1973; Ducheyne et al., 1977). 
8 Intimate contact: Gaps at the bone-porous surface interface are known to decrease the 
volume Fraction and progression or extension of bone ingrowth (Sumner and Turner, 
199 1). intimate contact between the porous coating and the bone has been identified to 
increase the amount ofbone ingrowth in both human and animai models (Kienapfel et al., 
1992; Turner et al., 1 986). 
a Wear particdate debris of constituent materiais (polyethylene, metal, . . . ) have been 
associated with the bone loss (Le., osteolysis) and, hence, implant failure (Engh et al., 
1992; Jones et al., 1992). 
implant surf'acetreatments, @ materials and electricai stimulation are some rnethods of 
enhancing bone ingrowth (Sumner and Galante, 1990; Sumner and Turner, 1 99 1 ). 
The other most common problem related to the knee replacement is the failure of ultra high 
molecular weight polyethylene(UHMWPE). Weardebris ofpolyediylene results in penprosthetic 
osteolysis and Ioosening (Kilgus, et al. 199 1 ; Nolan et al., 1992; Rose et al., 1984). The 
polyethylene failure has been reponed in many retrieval analyses of failed prostheses in di fferent 
modes, i.e., pitring, delamination, scratching, surface cracking and abrasion (Collier et ai, 199 1 ; 
Kilgus et al, 199 1 ; Mink et al., 199 1 ; Wright and Bartel, 1986). The following factors are reporied 
to affect the Wear resistance of polyethylene: 
Qudity of polyethylene (Tanner, et al., 1995; Walker, et al., 1 996), 
Manufacturing processes (Jones et al, 1992; Pruitt et al., 1997), 
8 Sterilization methods (Bell, et al., 1997; Deng and Shalaby, 1995; Polineni et al., 1997). 
1.2 Knee joint biomechanics 
In this section a bnef description of the anatomy and stability of the knee joint is presented. 
Mechanisms of load transfer at the knee joint and knee implant characteristics are given, as well. 
1.2.1 Anatomy of the knee 
The largest joint in the body is the kneejoint. It is formed by twoofthe largest bones, the femur 
and the tibia. Figure 1.4 illushsttes the constituenu of the knee joint, i. e., fernur, tibia, patella. 
menisci, cartilage, ligaments and capsule. in the tibiofemoral articulation, the medial and lateral 
condyles of the femur are separated from the condyles of the tibia by two wedge-shaped 
cartilaginous discs called menisa (Figure 1.4). The medial menisas is bound to the fibrous capsule 
and the lateral menisas is separatedfrom the capsule by the tendon of the popliteus muscle(Figure 
1 . 5 ) .  This muscle medially rotates the tibia ifthe foot is offthegound, or it laterally rotates the 
femur when the leg is on theground bearing the body's weight. The capsule is a thin and strong 
fibrous tissue which avers the knee joint. Two cruciate ligaments, cmssing each other like the amis 
of an X, provide thestability to the joint. While the posterior cruciate ligament (PCL) is comected 
to themedial femoral condyle, the antenor cruciate ligament (ACL) is connected to the lateral 
fanoml condyle (Figure 1 SA). These cruciate ligaments are the intemal ligaments ofthejoint while 
the lateral and medial ligaments are the extemai ligaments. The lateral ligament is connecteci to the 
head of fibula. 
Figure 1 .5 B shows the medial and lateral cartilaginous discs (menisci) resting on the condyles of 
the tibia. The larger disc is the medial one. The discs are comected to the tibia by their pointed 
ends (homs). The condyles ofthe femu rarein contactwith thediscs. The menisci act as ashock 
absorber during the daily activities. Other functions of msnisci include, distribution of load, 
lubrication and limitation of slip of one bone with respectto another- Thesecond articulation in the 
knee joint occurs between the femur and patella(kneecap) known as pattelofemoral. The patella 
connects to the extensor muscles while the patellar ligament extends h m  the patellato the tibia- 
The tibia the second longest boae in the human body articulates at its distal end with the talus ofthe 
ankle and at its pmximal end with the femur. The tibia tissue k e  any long bone has been classifieci 
into two categories based on porosity. The bone (tibia) walls are made of hard, dense bone calleâ 
mid (compact) bone and inside of the cylinder is filled with less dense and hard but relatively 
light in weight called the cancellous bone. The strongat cancellous bone is immediately under the 
tibial condyles known as the subchondral bone. 
1.2.2 StabiIity of the knee 
Thestability at every joint (i.e., hip, knee, . . .) is maintained thmugh three mechanisms; cartilage 
and bony geometry (articulating bones), muscular action, and ligamentws resistance. Contribution 
ofeach mechanism depends on the fùnction ofthejoint. For example in hip joint, ligaments play 
a small role and muscle tension in almostevery plane is required to balance thejoint. In the knee 
joint, the bone configuration is not particularly stable (contrary to the hip) and the tensions in 
ligaments and muscla conîributesigiificantly to joint stability . Ifthese tissues are weak from disuse 
or lax from being overstretched, thestability ofjoint is reduced. Flexion-extension, abduction- 
adduction and intemalextemal rotationocnirsimultaneousl y mund three axes of rotation which 
are not fixed. Motion can be rotational as well as translational. To allow motion in certain 
directions, ligaments play a larger role herethan at the hip. The muscles are needed not on1 y to 
control the speed ofmotions, pariicularl y when high torques are present (bending, jumping, . . .), 
but also to change the lever arms to optimize the counteracting torques they can develop (Figure 
1.6). Depending on the motionspecified, the role of each mechanism varies. Figure 1.7 presents 
the case when the medial-lateral translational motion in fiontal plane of the knee is limited by the 
tibial spines. 
1.2.3 Knee joint forces 
The joint force at the knee c m  be resolved into three components, Le., the anterior-posterior, the 
axial, and the rnedio-lateral cornponents. Theanterior-posteriorforce in the kneejoint is prirnarily 
carried by the cruciate ligaments. The medial-lateral component is a shear force carried by 
articulating surfaces and ligaments. This component is relatively small compared to the axial 
component. The axial component is a compressive force also carried by articulating surfaces. The 
forces of funaional activity to which knees are subjected are of ansiderable magnitudes. Momson 
( 1970) estimated that peak force in the knee joint can exceed several times body weight during the 
daily activity (Hhngton, 1990; Kluster et al., 1997; Taylor et al., 1997). 
1.2.4 knee prosthesis 
Replacement of a damaged joint with an artificial implant considerably alters the nature and 
distribution of stress in the system. Serious mechanical prob lems (loosening, polyethylene wear, 
fracture of implant components, . . .) canoccur due to thae changes, which can cause the failure 
ofthe implant or severe biological response. The normal joint operates within a low frictional 
resistance and maintain a maximum contact area under the most conditions. This is accomplished 
due to defonnity of the both articulating bearhg SUfâces and their underi ying bone. The lubrication 
mechanisms of metal on plastic bearingsurfaces do notresemblethaîin thenomal joint. Total joint 
replacement has highafncbon resistance and employs materials which arestiffer than living tissues. 
The Werence in stifiness between implant and bone causes relative micromotion and shearstresses 
at the bone-implant (baseplate) and boneîement interfaces in cementless and cemented implants, 
respectively. Iavestigators have compareci the short-and long-term performance ofboth types of 
currently used implants (Collins et al., 199 1 ; Dodd et al., 1990; Hungerford and Krackow, 1 985; 
Rand, 199 1). In general, in-vivo examinations have suggested that clinical and functional 
performances of cementless prostheses are as good as those ofuncementecl prostheses. Using the 
bone cernent is reportai to be satisfmry in providing the initial fixation. However, the long-tenn 
perfonnanceofcanented implants in yamger patients areofthe main concem. CementIess fixation 
of total knee anhroplasty has been devised as an alternative to cernent fixation in more active 
patients. 
1.3 Literature survey 
In this section, the published studies related to initial fixation and stability of cernentless knee 
implants in postoperative penod are introduced. Many research areas, such as, mechanical mode1 
of the bone, Wction characteristics of the bone-implant interfaces and pullout behavior of posts and 
s c r w  are arnong the research topics that are associated with thestudy ofknee-implant smcture. 
m e r  included areas are in-vivo and in-vitro studies ofthehee-implant, wearcharactenstics of 
the poiyethyleneand fracture mechanics. Here, a concise review of related studies is presented. 
1.3.1 Friction properties at the bone-implant interface 
In the postoperative period, the fiction between implant and cancellous bone is one of the 
mechanisms for the tram fer of shear load at the interface. To study the relative significance of 
fnction in the joint mechanics, uni-directionai friction properties atthe interface between tibia1 
cancellous bme and a number of metal plates (two beaded porous suifaces, a fiber mesh porous 
suiface, and a smwth surface) have prwiously been measured under single and repetitive fatigue 
loading (Rancourt et al., 1990; Shirazi-Ad1 et al., 1993). The friction coefficient noticeably 
increased for the porous coated metd plates as cornpared with the smooth one, whereas it 
remained unchanged with the bone excision siteon the proximal tibia, magnitude of nomd stress, 
type of porous coated plates considered, rate of dis place men^ and duration of conservation in 
saline solution. Moreover, in wntrast to the idealized Coulomb's friction, the tangential 
load-displacement at the interface was found to be highly nonlinear in which reiatively large 
tangential displacements of SM00 Pm were m r d e d  at the maximum resistance load. The range 
of fRction coefficient was found to be between 0.3 to 0.9 Rancourt et al. (1 990) and0.4 to 0.66, 
Shirazi-Ad1 et al. (1 993). 
in a study on the influence of'bone density on the friction properties of porous surfaceci metallic 
plate on femoral bone (Hoetz, 1 992), it was found that friction coefficient changed with the bone 
density. The fiction coefficient was measured to vary fiom 0.43 to 0.72. In the most ment study, 
friction properties of four distinct metd surfaces (one beaded porous metal and t h e  w t  cu-cr 
alloy ingrowth mesh surfaces) on cancellous bone specimens were measured (Dammak et 
al., 1997b). Therangeoffnctioncoeficient was found to vary between 0.65 to 0.70 for beaded 
porous metal and 0.70 to 1 .O0 for mesh surfaces @ammak et al., 1997b). 
The foregoing experimental studies (Darnmaket al., 1997b; Rancourt et ai.. 1990; Shirazi-Adl et 
al., 1993). however, treated the friction between bone and implant only in one direction. in athree 
dimensional contact probiem, the articulating bodies could undergo relative movements and 
develop shear forces in dEerent directions on the common intenace. These directions could also 
change during the course of deformation. The d t s  ofthese uniaxial studies should no6 therefore, 
be directly implemented in 3-D FE mode1 of knee-implants if accurate results are expected. 
1.3.2 Pull-out tests 
Experimental studies: To determine the parameters affecting fixation behavior of screws and posts, 
pu1 l-out tests have been perfonned. Finlay et al. ( 1 989) measured the pull-out force of 3. &mm 
and 6.5-mm diameter cancellous scrm and a 1 O mm diameter peg implantecl in bovine vertebrai 
cancellous bone and two different grades ofpolyurethane. For thesame depth of insertion, it was 
found that the pullsut force of a 6.5-mm diameter screw was two times larger than that of a 
3.8-mm diameter screw. Both screws perfomed better than the peg. The pullaut force of screw 
exhibited a linear relationship with the shear-gth ofthe material into which it was inserted. The 
pull-out force of a peg had a linear relationship with the modulus ofelasticity ofthe matenai into 
which they were inserted. Dependence of pullout force on diarneter of drill size, the length of 
insertion, and the material properties was also shown. 
George et al. (1 99 1 ) measured the effkct ofhole preparation technique for transpedicle screws on 
pullsut strength in human cadavericvertebrae. Nosignificant difference was found in pull-out 
strength between screws implanted into drilled holes and those implanted into probed holes. King 
and Cebone (1 993) investigated the effatof lateral forceon the pullaut load and elastic stiffness 
of screws inserted in bone. It was found that pull-out force of screws decreased steadily with 
lateral load whereas the elastic stifkess remained relatively independent of the lateral load. 
Shirazi-Ad1 et al. (1 994) measured the response of screws and porous/smooth-surfaced posts 
inserted in the proximal tibial cancellous bone and polyurethane cylinders. They found that the 
pull-out force was significantl y largerwhen screws and posts were inserted in the medial region of 
the proximal tibia followed by the lateral region. This was argued to be due to the difierence in 
elastic modulus of the bone at these regions. The central region resulted in the least pull-out force 
due to its lower elastic modulus. Smooth surfaced posts showed supenor performance in both 
static and fatigue loadings than did porous coated posts. Boundary conditions used in the pull-out 
tests configuration were also found to affect the pull-out force. 
The abovmentioned experimental studies considered the idluenceof many parameters on the puil- 
out resistance but none investigated the effect of shear force on the pullout force of 
porous/smooth-suifaced posts. 
FE studia: There are also a few numericd studies ofthe pull+ut tests in thelkatue. The pill-out 
analysis of ametallic stem and the surmunding PMMA bone cement was performed (Mann et ai., 
1 99 1 ) using a nonlinear, axisymmeaic FE model study assuming an idealized Coulomb fiction at 
the interface. The results ofthis study showed agood agreement with s<paimen~ for one full cycle 
ofaxial loaduigunloading. in an axisymmetric FE analysis accounting for the measured nonlinear 
interface fiction properties, it was found that the maximum resistance force and interface stresses 
are highly dependent on the relative material properties, boundary conditions, and the direction of 
the applied load (push-out venus pull-out) (Shirazi-Ad1 and Forcione, 1992). 
Axisymmetric FE model of pull-out tests using the measured nonlinear interface fnction properties 
and its equivalent idealized Coulomb's fnction indicated that the use of measured nonlinear cuve 
yielded results comparable with measurements and showed that the Coulomb friction could not 
accurately predict the measured displacements. In agreement with expenments (S hirazi-Ad1 et al., 
1 994), smooth-surfaced posts were found to havesuperiorfixation performance when compared 
to porous coated ones (Dammak et al., 1997a). This is due to larger effective interferences for 
smooth-surfaced posts that cause greater nomal stresses at the interface. 
The parameten affecting fixation behavior of screws and posts have been investigated using both 
experimental and FE model study of pull-out tests. It has been found that pull-out force of screws 
is larger than that of posts. Moreover, pull-out force of smooth surfaced posts is larger than that 
of porous surfaced posts with the same dimensions. However, smooth suifacd posts demonstrate 
better performance in fatigue loading than do the screws and porous-surfaced posts. The 
rnechanism of load transfahm the p s t  to thepolyurethane has also been detennined from the 
analyses of FE results. The maximum resistance force is dependent on the relative inaterial 
properties, boundary conditions and interface fnction charaaeristics. The screws and posts in an 
implant under m a l  loads are, however, subjected to horizontal loads in addition to theaxial 
load. Consideration of such inclined loads is essential for realistic biomechanical analysis of 
screwlpost fixation systems. 
1.3.3 Effect of screws and pegs on the initial fixation of tibial components 
Initiai fixation of ti biai corn ponents remains a pro blem in uncemented total knee arthroplasties. To 
investigate the effm of screws and sleeves on the liftoff (Le., nomal separation of implant from 
the bone), sinking and micromotion of implants, Miuraet ai. ( 199 1 ) perfomed experiments and 
found that screws were effective in contmlling micromovements under axial and shear loadings. 
Liftoff was reduced by more than 90% in presence ofsaews. It was suggested that the main effect 
of the screws is to prevent liftoff. Screws also ensured initiai contact between bone and implant. 
Use of a sleeve alone was also e f f d v e  in preventing liftoffand subsidence under axial loads but 
to a les ser degree th an the screws . Micromotion under axial loading was no6 however, rnarkedl y 
affkcted by the use of screws orsleeves. A similar study pefiormed on canine cementless implants 
by Sumner et al. (1 994) concluded that the components senired with screws undergo up to 
fivefold reductions in interfacemotions compared to those fixed with pegs. The addition ofpegs 
did not further increase the stability of the tibial components in the presence of screw fixation. 
Biomechanid studies have clearly shownthat tibial components, d e n  fmed to the bone with only 
short pegs, subside on the Ioaded side and liftoffon the opposite unloaded side. The effectivenas 
ofscrew and stem were aiso shown in thestudy oNoIz et ai. ( 1 988). Boume and Finlay (1 986) 
found that removing the tibial component-cortex contact decreased the cortical S D ~ ~ S  by 33 %- 
60% immediately underthe tib id component. The results of- study demonstratedstress shieiding 
dong the entire length of the intramedullary stem causing ~ m i d  resorption of proximal tibia in 
long-temi. Thdore ,  they mggesteci the use oftibiai components with implant-cortex contact, and 
discouraged the use of implants with any, particularly long, intramedullary stems. 
Investigations ofWyatt et al. (1 99 1) indicatedthat the initial rigidity oftibial implants with screw 
fixation is dependent on the bone quality, type of bone purchase, and number, and position of 
screws. Long cancelIous screws and screws with cortical purchase consistently allowed less than 
1 50 microns (reported to be necessary to allow bone ingrowth into a porous implant) motion at 
the tibial baseplate interface. In this study (Wyattet al., 199 1). four short screws placed on the 
peri phery allowed las micromotion than the three-s hott-screw or two-s hort-screw configurations, 
an observation in agreementwith results ofLee et al. (1 99 1). The fixation superionty ofscrews has 
been demonstrated by other researchers as well @mm& et al., 1997a; Kaiser and Whiteside, 
1990). 
The aforementioned studies clearly suggest thesuperior performance of screws when compared 
to pegs and sleeves in preventing liftoff. Screws also ensure initial contact between bone and 
implant and limit interface micromotion. increasing the number of saews is stated to M e r  d u c e  
the micromotion, as well. 
1.3.4 Pol yethylene failure 
Another problem observed in the total kneerepiawment is thewear of ultra high molecularweight 
polyethylene (LRIMWPE) which c m  result in migration of polyethylene Gagments into the body 
and can cause malfùnction ofthe implant. Polyethylene debris ûui cause scarring, penprosthetic 
osteolysis, and lwsening (Nolan and Bucknill, 1992; Wright andBartel, 1986; Rose et al., 1984; 
Kilgus et al., 199 1; Jones et al., 1992). Anumber offactors play arole in the wear of polyethylene 
tibial components. Quality of polyethylene (Tanner et al., 1995; Whiteside and White, 1995). 
manufacturing processes (Jones et al., 1992; Pruitt et al., 1997) and sterilization methods (Bell et 
al., 1997; Deng and Shalaby, 1995; Polineni et al., 1997) can influence the Wear resistance of 
pol yethy lene. The importance of polyethylene thickness and geometq of the artinilar d a c e s  has 
also been show by both experirnental and numencal studies (Bartel et al, 1995; Blum et al., 199 1 ; 
Chillag and Barth, 199 1 ; Collier et al., 199 1 ; DeHeer and Hillberry, 1992; Engh et al. 19%; 
Ishikawaet al., 1996; Landy and Walker, 1985; Mina et al., 199 1 ; Rose et al., 1 984; Sathasivam 
and Walker, 1 997). Thesestudies recommend the useof polyethylene greater than 6-8 mm for 
nonconforming surfaces. The more confoming artidargeometry between the femoral and tibial 
components has been suggested, as  well. Nonconfoming designs result in low contact areas 
causing high contact stresses which exceed the yield stress ofpolyethylene. In aretrieval analysis 
of48 total condylarprostheses, significant positive correlations were reporteci (Hood et al., 1983) 
for the surface damage correlated with the patient's weight and the time the prosthesis was 
implanted. This is known as the evidence that fatigue and cyclic loading are the causeof damage. 
Hood et al. ( 1983) identified seven modes of surface degradation, among which pitting and 
delamination have been reponed b y researchers (Collier et al., 199 1 ; Landy and Walker, 1 98 5; 
Mintz et al., 199 1 ; Rose et al., 1984; Wright and Bartel, 1986) as the most severe damaçe mode 
in polyethylene cornponents. 
Fracture mechanic studies are used to investigate the Wear mechanisms in the polyethylene 
components . Wear initiation is due to high contact stresses and fatigue cracks in polyethy lene. It 
is believed that pitting and delamination result f i 0  afatigue f ~ e  rnechanism (Heck et al., 1992; 
Landy and Waker, 1985; Rose et al., 1984). Pittingoccurs when crack initiates at the surface and 
propagates at or below thesdace. High axial compressive stresses at the contact point which 
reach material yield point cm cause fracture. Once a surface crack has initia* it can propagate 
in different modes (Keer et al., 1982; Keer and Bryant, 1983; Murakami et al, 1985). 
Delamination also takes place when a subsurface fatigue crack propagates parallel to the contact 
surface. In this failure mode, a layer of material peels away from the surface and creates voids. 
Researchers (Jahanmir and Suh, 1977) have found that microvoids in the materiai cm initiate a 
fatigue crack below the contact surface. Using the iînear elastic fracture mechanics, it was shown 
(Fleming and Suh, I 977) that a subsurface crack can propagate parallei to the surface for a given 
loading condition and friction coefficient. Cyclic shear stresses below the contact surface was 
blamed as themain parameterpromoting cradt propagahon resulting in delamination (Fleming and 
Suh. 1977; Sheppard et al., 1985; Wright and Bartel, 1986). 
The studies have show that piaing and delamination rewlting h m  tibio-femoral contact stresses 
are the main causes of implant failure. The studies revealed that high normal contact stress and 
subsuiface shear stress are the most critical parameters in the initiation and propagation of fatigue 
cracks. Theuse of more conforming articulating surfaces and thicker pol yethylene components and 
improved quality of polyethyleneand manufachiring method were reported to reduce the wear. The 
finite element studies performed to evaluate the contact stresses at the polyethylene-femoral 
component were initially limited to 2D or (ha1f)symmetric 3D models which do not reflect the 
observed stress distribution. Despite the recent 3D finiteelement models, the influenceof including 
the whole implant (e.g., tibia1 tray, resurfacedtibia, implant fixation design configurations) on 
computed stresses has not been determined. 
Many experimental and numerical studies have been performed to quanti@ the stresses recognized 
asthecauseofthepolyethylenefai1~~eçBanel et al., 1986; Bartel et al., 1995; Blum etal., 199 1; 
Rose et al.; Walker et al., 1996). However, the likely coupling between the articular plate and 
prosthesis-bone structure as partiailady related to polyethylene stresses and interface motions have 
been ovalooked. Thdore, new investigations should shidy the mentioned coupling by developing 
a detailed 3D finite eiement mode1 of the booe-implant structure including al1 the interacting 
components. The synergy between micromotion and polyethylene debris in implant response has 
been suggested in recent studies (Bechtold et al., 1997). 
1.3.5 Numerical analysis of knee prostheses 
The FE method of structural analysis has long been established as a tool in onhopaedic 
biomechanics. Huiskes and Chao (1983) reported the detailed earlier developments and 
applications ofFE methods in orthopedic biomechanics. Two dimensional (2-D) (Askew and 
Lewis, 198 1; Beaupre et al., 1986; Lewis et al., 1982; Rakotomanana et al., 1992; Vasu et al., 
1986), axisymmetric(Ahmed et al., 1990; Dawson and Bartel, 1992: Murase et al., 1990; Shirazi- 
Ad1 and Ahmed. 1989) and three dimensional (3-D) (Cheal et al., 1 985; Keja et al., 1 994; 
Rakotomananaet ai., 1994, Strickland et al., 1989; Tissakht et al., 1995) FE models have been 
employed to investigate the fixation influence of different design parameters in total knee 
replacements. 
Using a 2-D FE model of a metal tibia1 prosthetic component with a single post implanted with 
PMMA (polymethylmethacrylate) bone cemenc Askew and Lewis (198 1 ) found that in the 
absenceofthecortical shell. the axial load is carried mainly near the post tip, particulariy for the 
longest post. It was suggested that if the nonhomogeneity in the bone is correctly taken into 
account, the effect of the bone anisotropy is negligible. In agreement with this study, Cheal et al. 
( 1985) reported that heterogeneous material properties ofbone exert amore pronounced influence 
on local stresses than themateriai anisotropy. In an axisymmetric model with nonhomogeneous 
trabecular bone properties and 3-D (nonaxisymmetric) loading, Murase et al. (1 983) showed that 
post length, post rigidity, and bone rigidity affecteci stress distribution in the bone. Use of a wider 
metal tibia1 component was recommended to reduce maximum stress in theunderlying bone. 
In two separate studies, stress analysa in the fiontal plane andsaginal plane were conducteci usiag 
2-D equivalent-thickness FE models (Beaupre et al., 1986; Vasu et al., 1986). Equivaient- 
thickness models accounted for the out-of-plane thiclmess and materid properties. The interface 
conditions existing between bone and metal tray simulated bony ingrowth with the continuity 
assumed at the interface between implant and bone. Four difFerent tibia1 plateau components dong 
with bi-condylar and uni-condylar axial forces were considered. It was found that two-piece 
designs with separate components foreach condyle have Iower interface tensilestress than do 
continuous, one-piece designs. The shape of the epiphyseal plate was suggested to be used as a 
guideline for prosthetic design. 
A parametric axisymmetric FE model study on the interface motions in porous-surfaced tibiai 
implants (Shirazi-Ad1 and Ahmeci, 1989) showed thatthe presenceofboth a circurnferential metai 
flange and amorerigid prosthesis design reduced the relative interface motions. The interface was 
assumed fnctionless in this study . in the similar study using measured nonlinear fnction propaties 
at the interface (Forcione and Shirazi-Adl, 1 WO), relative motions at the horizontal interface was 
reduced by 10%. The effect of interference fit between the peg and the bone was studied by 
Dawson and Bartel ( 1992). They used a linear elastic, axisymmeûic FE model to explain observed 
long-term patterns ofgrowth ofbone into tibiai components. Interface between boneand metal 
plate was modeledusing a iayer of elements with different elastic modulus to represent fibrous 
tissue or bony ingrowth. It was revealed that the interference fit results in larger residual stresses 
perpendicularto the bone-implant inte~ace in the bone nearthe fixation peg. These stresses were 
suggested to be favorable for ingrowth of bone into the peg . The interference fit relieved saesses 
in the bone under the ùay of the implant. Lack ofthese stresses in addition to an increase of relative 
motion were believed to be responsible for growth of fibrous tissue. 
In a 2-D comparative study of the cemented metai tray total condylar (MTTC) and the 
noncemented Porous Coated Anatomic (PCA) tibiai plateaus (Rakotomanana et al., 1992), 
debonding of the bone-peg interface was observed for the PCA. The stress peaks at the interface 
beneath the tray were found iower for the PC A than for the MTTC due to the PCA defiormability. 
In a later 3-D study by the same authon (Rakotomanana et al., 1 992), Coulomb's fiction at the 
interface between bone and implant was used to compare the PCA and MTTC implants. Keja 
et al. (1 994) messedthe5~ofpaimeterfixation versus midcondylarpin fixation and the e f f a  
of plate thickness and plate stifiess by a 3-D FE model study. In this shidy, the interface was 
modeled using fnctionless interface elements to yield themaximum micromotion, the bone as a 
heterogeneous matenal and pegs as a rigid area at the appropriate peg locations of the model. 
Under the axial loading, the mmponent with perimeter fixation provided better resistance to 
reversible relative motion than that with peg fixation. The Poisson's ratio and in-plane stifhess of 
the prosthesis slightly influenced the relative reversible motion. It was suggested to use a prosthesis 
with higher in-plane stifiess when it is possible. Tissakht et al., (1 996) in a 3-D FE study of total 
tibia1 component showed that screw fixation design yielded the minimum relative miaomotion. The 
micromotion predicted (maximum 8 pm) in this study was in the range (28 pm) reported to be 
required for the bone ingrowth (Pilliar et al., 1986). 
Apart h m  a few studies (Keja et al., 1994; Rakotomanana et al., 1994; Tissakht et al., 1999, 
the previous models were based on idealized 2-D or axisymmetric geometries. In view of the 
irregular bone geometry and material distribution, a 3-D representation appean necessary. 
Furthemore, FE studies considered the bone-implant interface fnctionless (Kejaet al., 1994; 
Shirazi-Ad1 and Ahmed, 1989) to represent no bony ingrowth or futed (Beaupre et al., 1986; 
Cheal et al., 1985; Vasu et al., 1986) for either a complete bony ingrowth or a cemented (Askew 
and Lewis, 1 98 1 ; Murase et ai., 1983) implant Idealized Coulomb's frictional model has also been 
employed (Dawson and Bartel, 1992; Rakotomanana et al., 1994; Tissakht et ai., 1995). Recently, 
measurment-based unidirectional nonlineartnction @ammak et ai., 1997b) was demonstrated 
in a pull-out study to substantiaiiy improve predictions. No 3-D studies has yet been found to 
employ a nonlinear friction that exists at the interface between bone and implant. Some 3-D 
models have used computerized axial tomography to obtah the geometry of the proximal tibia and 
associated mechanical properties, while, the published mechanical properties of bone using 
compression tests (Goldstein et al., 1983; Keaveny et al., 1983) have been incorponrted in the 
others. Based on the above discussions, the limitations of the previous FE studies can be 
summarized as: 
0 Previous models haveokn been based on idealized 2D or axisymmeaic geomenies. h i e  
to irregular bone and implant geometries, loading and nonhornogeneous material 
distribution, a 3D representation is necessary. 
Previous studies, simulated the bone-prosthesis interface as fkictionless, as perfectly 
bonded or witli idealized Coulomb's fiction. No 3 D study ofbone-implant structure has 
yet employed nonlinear fiction properties measured at the interface between bone and 
various porous-surfaced implants. 
0 In addition, finite element studies of bone-implant system have neglected to present an 
adequate model of posts and screws (with the exception of Dammak et al., 1997a 
simulating plate fixation on polyethylene blocks). 
Furthemore, the cuupling &kt of bone-implant modeling on the pol yethylene stresses has 
been overlooked. 
The main objective of this stud y was to develop a finite elernent mode1 of the knee-implant structure 
to investigate the infiuenceof different designconfgurations and Wction models on mechanical 
fixation stability under static loading. Themicromotion at the knee-implant interface and stress 
distribution within the bone and polyethylene were studied, as well. 
Due to the fact that the knee-implant experiences a two dimensional motion at the common 
interface b idirectional fiction properties between bone and porous coated metal plate needed to 
be investigated. To sshidy bi-directional fiction propenies, test apparatus used earlier for 
uni-directional friction tests (Shirazi-Ad1 et al., 1993) was modified to allow simultaneous 
measurements of tangential force and displacements at two perpendicular directions. Proper 
constitutive relations were developed which accounted for the coupling terms between 
perpendicular directions. The foregoing nonlinear interface constitutive relations were, then, 
implemented in the finite elernent model studia ofthe bidirectional friction tests to Mervalidate 
the developed equations and to identiS, the influence of coupling terms on results. The mentioned 
experimentaVfinite element investigations were repeated for the pol yurethane cubes replacing 
cancellous bonespecimens to also study the nonlinear coupled characteristics of such interfaces 
in bi-directional friction. 
Pull-out tests were perfomed to determine the &ect of different parameters on pull-out response. 
Since in a knee prosthesis system, posts/screws undergo shearforce as well as axial force, the 
efTect of load inclination on pullsut response was investigated through experimental and FE 
methods. In the 3-D FE model of inclined pullat taû. bi-directional fiction constitutive equations 
were used to acnrrately model the interface between polyurethane and posts/screws. The 
predicted results were compared to experimental results in order to validate the FE model. 
Subsquently, the 3-D FE model ofknee implant was developed to investigate the mechanisnu of 
load tramfer and relative micromotion at the interfaces. For this purpose, geometry of the tibia and 
components of the implant wereobtained by direct measurement or using coordinate measuring 
machine (o. The mechanical properties of tibia1 trabecular bone have already been reportai, 
us hg  compression tests (Goldstein, 1 983 ; Keaveny et al., 1 994) ultrasonic techniques (Ashan 
et al., 1989) and quantitative computed tomography (Bentzen et al., 1987; Hvid et al., 1989). A 
linear elastic isotropie and heterogenous model was considered in the model based on the 
properties published in the Literature. Mechanical properties ofthe polyethyienewas m e a s d  and 
compared to that in the literature. Then an elasto-plastic isotropie hardallng mode1 was considered 
for the articular polyethylene insert. Interface between bone and implant was modeled using the 
developed constitutive equations for bi-directional fiction properties. The interface between 
polyethylene and metailic femoral condyle was modeled wing Coulomb's friction model based on 
the measwements. An appropriate model of posts/screws was also considered in these models to 
present the real conditions. To simulate a case with a significant varus misalignment, a load of 
approximately three times body weight was applied at the media1 condyle. 
Since knee-implant systems undergo cyclic loading, fatigueanalysis will be required to simulate 
dail y conditions. To initiate astudy on theeffect of load cycle on the knee-implant system, the 
interface ftiction properties and pull out responsa were investigated under cyclic conditions. For 
this purpose, a few cycleof friction tests and axial pull-out tests were performed and proper FE 
models were also developed and validated. The fatigue performanceof the interface between the 
bone and the porous- and smooth- surfaced metallic plate, which is assigned and validated in 
pull-out models, could be used in the FE study of tibia1 knee implants to predict the permanent 
migration of the implant over the long term period (Ryd et al., 1988; Ryd et al., 1993). 
1.5 ORGANUATION OF THE THESIS 
This dissertation was prepared based on the articles which consists the main body of the thesis. 
Chapter I provides the clinical problem associated with the total knee arihroplasty and ashort 
description on the anatomy of the knee. The critical review of literature is also presented in this 
chapter. Chapter 2 presents the work performed to measure bi-directional fnction properties at 
the bone-porous-coated metal plate and to develop proper constitutive equations required for the 
FE simulations of surfaces with nonlinear isotmpic fiction propertia. This work was published in 
the Journal of Biomedical and Matenal Research (Applied Biomaterial). 
Chapter3 presents theexperimental tests and 3-D finite element study ofpull-out tests. Theaim 
of this study was to evaluate the 3-D FE mode1 presentation of puIl+ut tests by applying an 
inclinai pull-out force. The pull4ut f i t e  element model validated during this work was used in the 
final paper presented in the next chapter. This work was issued in the proceedings ofthe " 1996 
Engineering Systems Design and Analysis (ESDA)" conference. 
Chapter4 presents the developed FE model of knee-implant stnicture. This study employed the 
outcome of the chapters 2 and 3 in order to develop the most realistic finite eiement model of the 
knee-implant. This chapter has been submitted to the journal of "Computer Methods in 
B iornechanics and B iomedical Engineering". 
The chapter five is allocated to the generai discussion oftheresults while the last chapter presents 
conclusion and mmmendations for fuairestudim. Contributions made by this study as well as the 
limitations of the present work are discussed, as well. 
The first two addendums are placed to help the better understanding of the second and third 
chapters. Appendix A is in the continuation of the work presented in Chapter two in which the 
bone was replaced by the polyurethane. TheresuIîs ofthis work also confimu the findings in the 
second chapter by providing an application ofthe bi-directionai friction formulation in the FE 
simulations. This work was published in the "Numencal Irnplementation and Application of 
Constitutive Models in the Finite Element Method, ASME 1995". Appendix B also presents 
experimental and developed finte elernent model of pull-out tests under a loadin~unloading cycle 
using measured cyclic nonlinear fiiction properties. This part of thestudy was set to propose and 
guide the new direction for the fuaire studies. Additional results of the finite element model study 
of knee-implant (Chapter 4) are presented in the 1s t  appendix. 
Figure 1.1 An example of cemented knee implant (Microloc Porous Coated Knee S ystem). 
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Figure 1.3 Total knee replacement (arthroplasty) by a cemented implant. 
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Figure 1.4 A schematic representation of lmee joint. 
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Figure 1 -5 Aschematic representation of knee joint ligaments and cimilaginous discs. 
Figure 1.6 Knee position determines the lever arms of the muscles about the knee. 
Figure 1.7 Mediai-lateral translation is limited by the tibia1 spines. 
BI-DIRECTIONAL FRICTION STUDY 
OF CANCELLOUS BONE-POROUS COATED METAL INTERFACE 
2.1 ABSTRACT 
B idireaional friction tests between cancellous bone cubes and a porous-coated metal plate were 
performed to determine the mechanical properties ofthe interface required in 343 finite element 
model studies of cementless implants. Bonespecimens were obtained from different proximal 
regions offour resurfaced cadavenc tibiae. A beaded porous-surfaced plate similar to those used 
in implants was used. Tangential loads in perpendiailardirectiom witb different magnitudes were 
applied at the interface in presence of constant normal pressure and the displacements were 
monitored in thesame directions. n/leasureû results showedthat the interface load-dis placement 
curve is highly nonlinear with significant coupling between two perpendicular directions. The 
interface fiction coefficient (defined as the ratio of the maximum resultant tangentid force divided 
b y the normal Ioad) was found to rem& neariy unchanged with the relative magnitudeof tangentid 
stresses and the bone location. Moreova, bi-directionai tests suggested that the load-displacement 
relation when evduated for resultantvalues is s d a r  to that obtained in a uni-directionai testing 
condition. Constitutive equations that account for the cross-stiffness coupling terms between 
perpendicular directions were also developed. These relations were used in a 3 -D finiteelement 
model study of preceding bi-directional fiction m. The influence ofthecouplhg temis on resuits 
was investigated by cornparison of predictioos with measurement resuiîs. Asatisfactory agreement 
was found between the results of aperiments with those offinite element studies confirming the 
constitutive relations as well as the importance of coupling terms. 
2.2 INTRODUCTION 
In an arthritic joint, the pain can be relieved and near-normal activity be regained by a prosthetic 
replacanent (i.e., an artificial joint). n ie  number oftotal joint replacements has gmwn sipiüficantly 
in the last two decades, a trend that is expected to continue with the aging population of the 
western societies. Cemented and cementless implants aretwo distinct typa that are currently used 
in the joint arthroplasty. While in cemented implants, the cernent is used as the bonding agent 
between the prosthetic cornponents and the bone, in cementless implants the prosthesis is in direct 
contact with the host bone. In this latter, theshort- and long-term fixation stability is provided by 
both the porous coating of the implant at the interfaces with the bone and thescraivslposts. The 
porous coating is employed to allow for bone ingrowth and, hence, a biologic attachment of the 
artificial joint to the host bone. The success of the operation depends, therefore, on the 
achievement ofsuch biologic integration. Many factors are known to influence the ingrowth of 
bone, for example, the size of surface pores and the magnitude of relative displacements at the 
bone-implant interface. Excessive relativemotions at the bone-porous coated metal interface are 
generall y recognized as a factor which decreases bone prolifèration into surface pores of implants 
(1,2), (Cameron et ai., 1973, hicheyneet al., 1977)- therebyresulting in adverse fibrous ingrowth 
(3) (Pilliar et al., 1986). 
In a cernentless implant, the friction at the bone-prosthesis interface plays an important role in the 
mechanicd response of the system, partinilady in the immediate post-o perative penod where no 
booy ingrowth has yet occurred and the fiction is the oniy means of load -fer in directions 
tangentid to cornmon interfaces. To midy the relative significanceof fiction in the joint rnechanics, 
uni-direaional fnction properties at the intedace between tibia1 cancellous bone and a number of 
metal plates (two beadod porous surfaces, a fiber mesh porous surface, and a smooth surface) 
have previousl y been measured under single and repetitive fatigue loadings (4,5) (Rancourt et al., 
1990; Shirazi-Ad1 et al., 1993). It was found thatthe friction coefficient noticeably increased for 
the porous coated metai plates as compared with the smooth one whereas it remained unchanged 
with the bone excision site on the proximal tibia, magnitudeof normal stress, type of prous coated 
plates considered, rateof diiplacanent, and duration of conservation in saline solution. Moreover, 
in contrastu, theidealized Coulomb's friction, the tangentid load-displacement at the intdacewas 
found to be highly nonlinear in which relatively large tangentid displacements of 50-400microns 
were retorded at the maximum resistance load. Themeasured interface nonlinear propenies were 
implemented in axisymmevic finite element analysis of push-out tests (6,7) (S hirazi-Adl and 
Forcione, 1992; Dammak et al, 1995) and tibial knee implants (8) (Forcione and Shirazi-Adl, 
1 990). These limitai casestudes demonstrated the important role of friction in fixation mechanics 
of cementless amficial joints. The earlier finite element studies of cementless tibial componentî in 
total knee replacement have been limited in eitherusingthe idealized Coulomb's friction (9- 1 1) 
(Dawson and Bartel, 1992; Rakotomanana et al., 1994; Tissakt et al., 1995) or assuming a 
frictionless contact at the bone-implant interface (12,13) (Keja et al., 1994; Shirazi-Ad1 and 
Ahmed, 1989). 
Theforegoing expenmental studies ( 4 3 ,  however, treated the Friction between bone and implant 
only in one direction. In a three dimaisional mntactproblem, thear-culating bodies could undergo 
relativemovements and develop shearforces in different directions on the common interface. These 
directions couid also change during the course of defornation. The phenornenon ofbi-directional 
friction between two bodies, therefore, needs to be investigated in an experimental study. The 
results can then be employed to develop appropriate constitutive laws necessary to perform 
reaiistic mode1 studies of cementless artificial joints that experience relative motions and shear 
stresses simultaneously in different directions. 
Based on the above discussion and in continuation of our earlierstudies (Rancourt et al., 1990: 
S hirari-Ad1 et al., 1993), (43) the aim ofthis study is to investigate the friction properties at the 
bone-prous ooated metal interface in bi-directional tests. That is, horizontal loads in perpendiailar 
directions with different magnitudes areapplied at the interface in presence of some constant 
normal pressure and the tangential displacements are recorded. Proper tangential load- 
dis placement constitutive equations for the bone-porous coated metal interface is accord ing 1 y 
developed w hich accounts for the cross-stifias coupling terms betwgn perpendicular directions. 
The foregoing nonlinear interface constitutive relations are, then, implemented in finite element 
mode1 studies of the above bi-directional experimental tests to further validate the developed 
equations and to identify the influence of coupling terms on results. 
2.3 MATERIALS AND METHODS 
2.3.1 Preparation of specimens 
Trabecular bone CU b es were ob tained from four cadavenc fres h-frozen proximal tibiae (2 males 
and 2 females with 70 a 3 years age). Each tibia was resurfaced with a diamond saw having a 
postenor alignment of about 7 degrees (verified by visual inspection). Asubsequent cut parallel to 
the fint one was performed to obtain bone specimens of 10 mm height From thae bone plates, 
cube specimens of about 20 x 1 5 x 1 O mm were then obtained fkom different anatomicai sites 
(medial, laterai, anterior, posterior, and central) as shown in Figure2.1. Two tibiae were large 
enough to obtah extraspecimens fkom lateral and media1 regions In two specimens the centrai 
region was too soft to perform tests. One knee was so small that no specimen at the central region 
was cut Overall, atotal of 22 bone cubespecimens were obtained; 7 medial, 6 lateral, 4 anterior, 
4 posterior, and 1 central. The experiments werearranged in a way as to complete thestatic tests 
on each tibia as soon as possible in thesameday as it was cut. During the tests, the bonesamples 
were stored in plasticcontainers to avoid drying. At the end of the tests, the bonespecimens were 
stored in saline solution and kept at - 14 "C while the metal plates were cleaned with acetone for 
the subsequent tests. A beaded porous-surfaced metal plate made of Vitaliiurn (a cobalt- 
chromium-molybdenum alloy) with the surface texture (bead diarneter of about 0.70 mm and 
surface porosity of 30-40%) similar to those cumently used in cementless implants was used 
(provided by Howmedica Inc, Pfizer Hospital Products Group Inc., Rutherford, NJ, Figure2.2). 
This plate was useâ in the earliastudies in unidirectional friction tests (5) (Shirazi-Ad1 et al, 1993). 
2.3.2 Test Apparatus 
Theexpenmental apparatus developed earlierfor ourunidirectional fiction tests (5) (Shirazi-Adl 
et al, 1993) was slightly modified to allow for the simultaneous application of loads and 
rneasurement of motions in perpendiculardirections at the interface. A schematic representation 
of the bidirectional fiction test is shown in Figure 2.3; for more details, our previous work should 
be consulted (5). The normal load was applied by weights on top of a moving f m e  containinç 
rigidly the specimens while the tangential loads wereapplied viacables attached to the sarne M e  
at the interface level to avoid undesired moments. Care was taken to apply the nomal load in the 
direction perpendicular to the interfaceresulting inno additional tangential force. The bidirectional 
nature ofthe tests required the simultaneous monitoring ofthe load-displacement behavior in two 
perpendicular directions, x and y. 
2.3.3 Experimental Procedures 
To perform the tests, bonespecimens were placed on top of the beaded porous-surfaced metal 
plate and a nonnal pressure of 0.1 MPa was applied which remaineci constant dunng the test. 
Previous extensive fiction studies have demonstrated that the interface friction resistance does not 
depend on the magnitude of the nonnal load and the rateof loading (4,s). The low magnitude of 
0.1 MPa was used also to assure that the surface of the bone specimens was not damaged for 
subsequent tests (Rancourt et al, 1990, Shirazi-Ad1 et al.. 1993). A constant tangential preload was 
applied in one direction (say x) while another tangential load was applieâ and incrementall y varied 
to its maximum value in the perpendicular direction (say y). The tests were terminated as soon as 
the maximum interface resistance was reached at which load the cube started sliding on the metal 
plate. These tests were repeated for different preload magnitudes expressed as percentage of the 
mean maximum tangential force evaluated h m  prior (minimum 0f3) unidirectional fiction tests 
for each specimen. The percentage of preloads was O%, 37%, 65%, or 84%. 
2.3.4 Frictional Contact Formulation 
Measured nonlinear fiction properties of the uni-directional contact tests have been used to 
develop following constitutive relations. in this formulation, the frictionai properties in different 
directions are coupleci. That is, a shear stress in one direction depends not only on the relative 
dis placement in its own direction but also on that in the other direction perpendicular to the first 
one. This dependency introduces offsiagonal teims in constitutive matrix that causes coupling 
effects. In these developments, it is a d y  assumed thaithensuitant tangential forces and relative 
dis placements occur in the same direaion and foliow the corresponding nonlinear unidirectional 
fnction curve. Taking the req and y, as the resultant shear stress and relative displacement, 
respectively, shear stress components in perpendicular directions can be expressed as 
in which 
wherefis the uni-directional nonlinear friction function ob tained from measurem ents (e. g . , the 
nonlinear curve in Figure 2.5 for the uni-direaional test F,=O). 
Thegradients ofthe interface fiction stress with respect to the relative displacements yi (i=x,y) 
yield both diagonal and off-diagonal stiffness terms as follows 
One observes that al1 stlffness terms are function of both perpendicular relative tangential 
displacements. Moreover, it is noted that the cross-stifiess parameters (Le., coupling terms) in 
Eq. 2.3 disappear if the fiction response becornes linear or uni-directional. The earlier 
uni-directional friction measurements (43) (Ranwurt et al., 1990; Shirazi-Ad1 et al., 1993) 
demonstrated the linear dependence of the shear stress and the independence of the tangential 
displacement on the normal stress at the interface. In the foregoing developments given in Eqs. 
1-3, therefore, the normal pressure tenn was lefi out, without loss of completeness. 
The formulation without coupling terms assumes that the friction response in each direction is 
independent on that in the other perpendicular direction. The shear resistance is, therefore, a 
hction of dative displacement at that direction on1 y; Le., no couphg between dinerent directions. 
In this event ri = f (y ,  ) where i=x,y and, hence, 
The tangential stiffness of the interface in each direction is ahnaion of the relative displacement 
at that directiononly. inthis case, as is seen in Eq. 2.4, the cross-stiffness parameters are ni1 and 
no coupling between different perpendicular directions is introduced in mnstitutive equations. The 
resultant tangential force, nevertheless, cm not exceed themaximum uniaxial interface resistant 
force. i.e., pF,. 
2.3.5 Finite Elernent Mode1 
To investigate the relative accuracy and performance of the foregoing constitutive laws, a finite 
element model was developed and analyzed using the ABAQUS program (Hibbit, Karlsson and 
Sorenson Inc., Pawtucket, RI, 1992). The foregoing nonlinear friction constitutive relations were 
input in the program through an interface subroutine. 
In this model sîudy, the experimental friction tests of a bone specimen (medial region) on metal 
plate were simulated using athreedimensional model that includes 52 eight-node brick elements, 
148 nodes and 16 contact elements, as shown in Figure 2.4. The nonlinear bi-directional 
constitutive equations were used in this study to evaluate the foregoing constitutive developments. 
To comparethe predictions with the results of experimental friction tests, the geometry, boundary 
conditions, and loading were taken identical to those used in tests. 
The elastic moduli of the plate and cancellous bone (mediai region) materials forthesestudies were 
taken as 200,000 MPa and 300 MPa (l4,15), respectively. The Poisson's ratio was 0.3 for the 
metal and 0.2 for the bone ( 1 5). To perform these studies, appropnateuni-directional fiction data 
obtained from experiments have been implemented in the program. 
2.4.1 Experimental study 
Typical experimental resul6 ofbi-directionai friction tests performed on the porousîutfaced metai 
plate and a bonespecimen (from the medial region) are shown in Figures 2.5 and 2.6 for different 
preload magnitudes. Similar nonlinearand coupling behavioa wereobtained for diffèrent regions 
considered in this study. To distinguish the effect of preload on the relative displacements, initial 
displacements due to the preload in the x direction have been removed in Figure 2.6. The 
load-displaçanent is highly nord inear exhibiting relative1 y large displacements before the maximum 
interface resistance is reached. As in theuni-directional tests (i.e., Fx=O), interface sliding occun 
right from the beginning as the load is applied. It 1s seen that the presence of a preload in the x 
direction affects the response not only in the y direction (Figure2.5) but akothe coupled tangentid 
motion in the x direction (Figure 2.6). Moreover, the coupling effea is seen to increase as the 
relative magnitude of the preload increases. The measured variation of resultant forces with 
displacements evaiuated h m  these bidirectionai tests is verSeci to be similar to that measured in 
uni-directional tests (i.e., F,=O). 
2.4.2 Friction Coefiicient 
The fiction coa~cients (mean * standard deviation) at the interface between canceiious bone and 
porous-surfaced metal under an interface normal stress of O. 1 MPa are listed in Table 2.1 . The 
friction coefficient for such nonlinear curves is defmed as the ratio of the maximum resultant 
tangentid load resisted at the interface divided b y the normal ioad. The num ber ofbone cubes used 
was six for lateral, seven for medial, four for anteriorlpostenor each and one for central. Des pite 
relatively close mean values for different cases, the statistical analysis (2-way ANOVA with post 
hoc LSD test, Statisticaprogmn, StatSoft, Inc., Tulsa, OK) indicates significantp-levels (p<0.05) 
for 0% and 3 7% preloads versus higher preloads and anterior site versus lateral and posterior sites. 
2.4.2 Interface Tangential Displacements 
The interfâce relative displacements ( prn, mean~SD) at the maximum resistance force for Merent 
bone excision sites and various amount ofpreloads are listed in Table2.2. Thestatistical analysis 
indicates that the effixt of preloads on the relative displacements is not significant(p>0.05). As for 
different bone regions, significant differences are noted between laterd site and maining regions 
as well as media1 site versus posterior one. 
2.4.3 Finite Element Studies 
The predicted variation oftangentid load-displacement in the y d i d o n  in presence of various 
preloads in thexdirectionushg thefomulation with coupling terms (i.e., Eq. 2.3) are show in 
Figures 2.7 and2.8 for a bonecube(onmedia1 region, forwhichFigures 2.5 and 2.6 aregiven) 
on the porous-surface metai plate. The predictions witb and without coupling terms (i.e., Eqs. 3 and 
4, respective1 y) as well as the measured values (mean I SD) under a preload of F, = 0.3 " F, 
are given in Figures 2.9 and 2.10. These fmite element snidies sirnulate the bi-directional 
experimentai tests the results ofwhich areshown inthe same Figures 2.9 and 2.10. Cornparison 
of predictions withmeasurnnents suggests a satisfactory agreement. It also confimis the constitutive 
formulation accounting for the coupling tems and indicates that the response cannot be acairately 
computed if these tenns are neglected. when the coupling tenns are neglected (Eq. 2.4), the F,-Dy 
curves for different preloads (Figures 2.7 and 2.9) would shift horizontally to overlap the 
conesponding unidirectional m e  for F,=O. Moreuver, the force in y direaion would generate 
no additional interface displacements in the x direction (see Figure 2. IO), in contrast to the 
predictions in Figures 2.8 and 2.10 and measurernents in Figures 2.6 and 2.10. It is to be noted 
that similar to the case in Figure 2.6, the initial dis placements due to preloads have been removeci 
in Figures 2.8 and 2.10 for ail cases except for Fx=O in the former figure and finite element results 
without coupling in the latter figure where no initial displacement exists. 
2.5 DISCUSSION 
The obj ective ofthe present study was to investigatethe friction characteristic at the bone-metal 
interface in bi-directional motions required in nonlinear 3-D finite elernent analysis of contacting 
bodies as is the case in the cementiess artificial joints. For this purpose? the experirnental apparatus 
used for the earlier unidirectional tests (43) was modified to allow the continuous recording of 
loads and relative displacements in perpendicular directions at the interface. In the presence of 
normal pressure, various preloads wereapplied in one direction and the response in both directions 
were simultaneously measured as an incrementally increasing load was applied in the other 
direction. 
The measurernents yield sirnilar load-displacernent fiction curves for the resultant values in 
bi-directional tests as those in unidirectional tests (Le., F,=O), regardiess ofthe bonestcision site 
(Tables 2.1 and 2.2). Expenmeatal results cleariy suggest the presence of coupling between these 
two perpendidar directions (Figures 2.6 and 2.10). This is found to be the case for the cancelIous 
bone at al1 bone regions. The interface friction coefficient evaluated as the ratio ofthe interface 
resultant tangential resistance to the nomal pressure is also found to m a i n  nearly unchanged with 
the relative magnitude of tangential stresses and the bone excision site, and is nearly the same as 
that found in uni-directional tests (Le., Fx=O). The rneasured resula ofthis study indicate that the 
coefficient of fnction at the bone-metal interface does not depend on the excision site ofbone and 
this is in agreement with those of the earlier studies (4.5) (Rancourt et al., 1 990, Shirazi-Ad1 et ai ., 
1993). The rneasured friction m e s  are highly nonhearwith large relative displacements with 
range of 60-500 pm depending on bone excision sites. The initiai slope is found to be higher at the 
medial and lateral regions, due to the fmthat elastic modulus ofbone in the proximal region of the 
tibiae is larger at the media1 and lateral sites than at the remaining sites. These are found in the 
earlier studies as well(5) (Shirazi-Adl et ai., 1993). The interface relative displacements are ais0 
found to be independent of the preload magnitudes (Table 2.2). 
An analytical approach based on uni-directional load-displacement curves, which could beused 
as a substitute for bidirectional acperirnents, was also presented. These equations were developed 
with the assumptions that micromotion occun in the direction of the resul tant force and that i t 
follows the uni-directional loaddisplacement curve. In the current developments, the friction 
properties in different d imons  were assumed to be coupled. The coupling of friction propertia 
introduced off-diagonal ternis in the constitutive relations (Le., Eq. 2.3). These equations were 
implemented in the finite elementmodel studies ofbi -d ional  fiction tests. A gwd agreement 
was found between theresults of predictions and those of expenments (Figures 2.5-2.1 O). This 
satisfactory agreement would not have been achieved had thecoupled terms in Eq. 2.3 not been 
considemi in the finite element models (see Figures 2.9 and 2.10). Use ofEq. 2.4 in which the 
fiiction response is independent in each perpendiculardirection (i.e., with no couplingtemis) yields 
different results in complete disagreement with measunmentp. That is, the primas, F A  response 
foiiows the uni-directional curve (Le., Fs=O) irrespeztive ofthemagnitude of the preload ( i . .  FJ 
while the coupled FyD, response entirely disappears. 
The coupled terms were, therefore, essential if accurate results were to be expected from model 
studies. Such coupling terrns properly account for the sofiening in coupled responses when 
preloads in other directions are present. The analyhcal constitutive expressions with cou pling terms 
(Eq. 2.3) were, hence, validateci and could beused in future model studies of the hurnan joint 
implant systems. Based on the Eq. 2.3, it is seen that the cross-stifiess terms (Le., coupling terms) 
vanish in a uni-directional friction anal ysis or when a linear friction behavior is implemented for an 
interface. Thus, these equations can be simplified and accurately used in an axisymmeuic or 
two-dimensional analysis where there isonly oneshear component at the interface. The idealized 
Coulomb's friction in which no displacement occun before the maximum resistance force is 
reached, was found in our earlierstudies (7) (Darnmak et al, 1 995) not to perform satisfactorily 
even when mmpared with measured nonlinearuni-directionai fiction constitutive law an4 hence, 
was not considered in this study. In 3-D cases in which one component of shear stress at the 
interface is much larger than the other one, these coupling terms can be neglected without 
noticeable loss of accuracy. This is verified by the present model studies of friction tests when a 
small preload is applied in one direction and response is calailated in both perpendicular directions. 
Finally, it is to be noted that the formulation presented here is limited only to interfaces with 
isotropic fnction properties; i.e., where uni-directionai fiction properties are not direction 
dependent. This h a  been verifïed by our friction tests to be the case at the porous coated implant 
interfaces with the cancellous bone. Thedore, in 3-D finite element study of contacting bodies with 
isotropic interfaces as in cementless joint arihroplasty, the experirnental results coupled with 
constitutive formulations presented in this work should be used. 
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Table 2.1 : Variation of Fiction Coefficient (mean * SD)at the Maximum Raistance With the 
Bone Excision Site and Preload Magnitude for Porous-Surfaced Metal Plates Under a Normal 
Pressure of O.  1 MPa. 
II Anterior 
Bone Cube Site 
- - - - - - -- 
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Posterior 
Table 2.2 : Variation ofRelative Displacement ( pm, mean * SD)at the Maximum Resistance With 
the Bone Excision Site and Preload Magnitude for Porous-Surfaced Metal Plates Under aNormal 
Central 
Pressure of O. i MPa. 
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Figure 2.1 The excision sites of the cancellous bone specimens fiom the proximal region of 
a resurfaced tibia: ( I ) lateral, (2) medial, (3) anterior, (4) central, (5) posterior. 
Figure 2.2 Specimens used in the experimental study; the vitallium bead porous-coated 
plate (Howmedica Inc.) And two typical bone cubes. 
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Figure 2.3 A schematic representation of the experimental setup for bidirectional friction 
tests of bone samples on a porous-surfaced metal plate. 
Boue Cube 
'POROUS-SWACED METAL PLATE 
(30~30x10 mm) 
Figure 2.4 The 3-D f ~ t e  element mode1 of the experimental fiction test of Figure 3 
simulating a bone cube resting on top of a porous-surfaced metal plate. 
RELAnVE TANGENTAL DISPLACEMENT. Dy (microns) 
Figure 2.5 Typical fiction load (y) - displacement (y) curves measured for a bone specimen 
at the media1 region under monotonically increasing tangentid load F, preloaded in the 
perpendicular direction x by F, expressed as a percentage of F, which is the mean 
interface resistance force in correspondhg unidirectional tests, F,=O. 
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Figure 2.6 Typical fiction load (y) - displacement (x) c w e s  measured for a bone specirnen 
at the medial region under monotonically increasing tangentid load F, preloaded in the 
perpendicular direction x by F, expressed as a percentage of F, which is the mean 
interface resistance force in corresponding unidirectional tests, F,=O. 
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BI-DIRECTIONAL FRICTION MODEL NORMAL PRESSURE = 0. I MPa 
Figure 2.7 Predicted load (y) - displacement (y) curves of a bone specimen (medial region) 
on metal for bidirectional fiction tests in the presence of various preloads in the x direction. 
F, is the maximum tangential force measured in unidirectional tests, F;O. 
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Figure 2.8 Predicted load (y) - displacement (x) curves of a bone specimen (medial region) 
on metal for bidirectional fkiction tests in the presence of various preloads in the x direction. 
Fm, is the maximum tangentid force measured in unidirectionai tests, Fx=O. 
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Figure 2.9 Finite element (FE) and experimental (mean T SD) fiction load (y) - 
displacement (y) curves for boae specimens at the media1 region under monotonically 
inaeasing tangentid load F, preloaded in the perpendicdar direction x by F, = 0.37 Fm,. 
F, is the mean interface resistance force measured in comsponding unidirectional tests, 
F,=O. 
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Figure 2.10 Finite elernent (FE) and experimentai (mean T SD) fiction load (y) - 
displacement (x) curves for bone specimens at the medial region under monotonically 
increasing tangential load F, preloaded in the perpendicular direction x by F, = 0.37 F,. 
Fm is the mean interface resistance force measured in corresponding unidirectional tests. 
F,=O. 
EXPEWMENTAL AND FINITE ELEMENT 
FIXATION STUDtES OF POSTS AND SCREWS 
3.1 ABSTRACT 
Screws and posts are used in various implant designs to contribute to the short- and long- term 
fixation stability ofamficial jointî. This saidy was undertaken to investigate the effect of combined 
loading on pull-out fixation response of'bone screws, beaded porous coated posts, and smooth- 
surfaced pom insated in polyurethanematerial. Mechanidyequivalent fmite element models for 
bone screws are proposed by replacing the screws by posts with modified properties at the 
interface. The finite element results corroborated measurements on the effect of combined load on 
the fixation response. The pullsut response as weli as interface stresses of ascrew fixaton can be 
represented b y an @valent post with a fiiction coefficient of about2. nie  satisfactory agreement 
between riurnerical and acpaimentai reSuIts confirms the acairacy in modeling the interface, psts, 
and screws. The developed models can, therefore, be used to investigate the post-operative shon 
tem fixation stability of various implant designs. 
3.2 INTRODUCTION 
In total joint arthroptasty, adequate fixation of prosthaic cornponents to the host bone represents 
a great challenge. Stable fmation is a prereqykite to the satisfactory long-tenn performance of a 
joint replacement system. In cementless arthroplasty, aporous-surfaced implant is used to permit 
biological fixation by the ingrowth ofbone. The long-tem success of uncemented implants is 
dependent upon achievement ofthe initial stability (Hungerford and Kenna, 1 983; Landon et al.. 
1 986; Waugh, 1985). Excessive motions at the bone/porous-surfaced metal interface are generall y 
recognized as a factor to lirnit bone proliferation into surface pores of implants (Cameron et al., 
1973: Ducheyneet ai., 1977). resulting in fibrous ingrowth (Pilliaret al., 198 1). The existing implant 
designs for total knee arthroplasty, cementless as wel l as cemented, utilize a wide rangeofscrew 
and peg designs to provide the initial and long-termstability oftibial componentî. Theinitial rigidity 
oftibial componenü has been demonstrated by in-vitro studies to besignificantly increased by the 
use of screws and pegs (Kaiser and Sumner et al., 1 992; Lee et al., 1 99 1 ; Miura et al., 1 990; 
Sumner et al., 1992; Volzet al., 1988; Wyanet al., 199 1 ). The number, length, and location of 
bonescrews as well as the qualityofbone purchase have been identified as important factors in 
the screw fixation of implants (Finlay et al., 1989, Leeet al. 199 1, Volzet al., 1988; Wyatt et al.. 
1991). 
In a cementless implant, bonelprosthesis interface friction plays an important role in the fixation 
stability ofthe systern, panicularly in the irnmediate pwt-operative penod where no bony ingrowth 
has yet occurred. The friction propenies at the interface between porous- and smooth-surfaced 
metals and tibial cancellous bone have previously been measured under single and repetitive 
loadings (Rancourt et al., 1990; Shirazi-Ad1 et al., 1993). It was found that. in contrat to the 
Coulomb's friction, the tangential load-displacement at the inteiface is nonlinear. The friction 
coefficient was independent of the cancellous bonesite, the magnitude of normal contact pressure, 
and the rate of relative dis placement at the interface. The porous bead and fibre mes h surfaces, 
however, had significantly higherfiiction coetficient than the smwth d a c e .  The incorporation of 
these measured nonhear fndion properties in thepcisymmetric finite element analysis of push-out 
tests (Shirazi-Ad1 and Forcione, 1992) and tibial knee implants (Forcione and Shirazi-Adl, 1990) 
has demons trated the important roleof friction in fixation mechanics of cernentless orthopaedic 
implants. 
It is evident that realistic 3-D nonlinear models are required in order to perform numerical 
experiments to accurately compute interface motions and stresses for various tibial fixation 
configurations. These models can then be used to evaluate the relative merits of each design in 
providinç the shon- and long- tenn fixation stabiiity. In orderto develop a realistic model of a 
prosthetic joint, we have also investigated the pull-out responseof posts and screws in proximal 
tibia(Shirazi-Ad1 et al., 1994; Darnmak et al., 1994). Inthesestudies, the load was applied aviaily 
and was gadually increased to its maximum value beyond which goss debonding occurred. In an 
implant, however. screws and posts are subjeaed to combined loading cases consisting of both 
axial and horizontal shear forces. The relative magnitude ofthese components depends. amongt 
o t h e ~ .  on the design. loading, and position on the implant. Theeffect of theshear load on the pull- 
out fixation response ofscrews and posts has not yet been determined. The objectives ofthis work 
are, therefore. set as: to investigate the influenceof horizontal shearloadingon the pull-out strength 
of bone screws and smooth/porous-surfaced posts; and to proposeasimple and effective finite 
element model of screw fixation. Both scpenmental and finite element model studies are perfonned. 
3.3 MATERiALS AND METHODS 
Cylindeis ofdiameter D=3O mm and length L=40mm made of polyurethane with properties similar 
to the tibial cancellous bone (measured mean values: elastic modulus=40 MPa, Poisson's 
ratio=0.3) were used for the experiments part. Two types of post, porous coated and smooth 
surfaced, were considered (D=8.75mm, insertion lengthL=20rnm, drill size DS=Bmrn). Bone 
screws of 8 mm in diarneter were also considered (L=23mrn, DS=3mm). Screws and porous 
coated posts were manufactured fiom Vîtallium (a cobaltchromium-molybdenum alloy) and were 
provided by the Howmedica (Howmedica Division, Pfizer Hospital Products Group Inc., 
Rutherford, N. J.). A basesuppon was designed to hold these cylinden in place with different 
inclinations during pull-out tests with the MTS machine (MTS Bionix Test System, Materials 
Testing systems Corp., Minneapolis, Minnesota). Pol yurethane cy l inders were fixed dong the outer 
surface. The load was applied through a cable making from O deg. 45 deg. with the axis of 
polyurethane cylinders (Fig. 3.1 ). 
A nonlinear finite element model ofexperimental pullat tests ofbonescrm (D=8mm, L=23mm, 
DS=3mrn) insened into polyurethane cylinders @=30mm, L 4 O m m )  was developed using 
ABAQUS program (ABAQUS, 1992). Given the complex geometry of a screw, it was 
approximated by a post with modified properties atthe interface in a manner as to yield identical 
pull-out fixation response. In this rnodel, ciBetent values of Iîiction cueficient were "p" considered 
(i .e., 0.2,O. 5, 1 .O, 2.0,4.0.5 .O, 6.0). The value of effective interference "elT is then chosen by 
matching the numerical and expenmental pull-out results. The elastic moduli of screw and 
polyurethane materials were taken as 220,000 MPa and 40 MPa, respectively, with the Poisson's 
ratio of 0.3 for both materials. The finite element gnd used for pull-out test of screws in 
polyurethane cylinders is shown in Fig.3.2. This is an axisyrnmetric model with 179 three to four- 
node elements, 15 contact elements, and 2 14 nodal points. Finiteelement results are compared 
with those obtained expenmentaily (Shirazi-Ad1 et al., 1994). An additional analysis of the screw 
pull-out test, assuming more realistic axisyrnmetric geornetry for the screw pull-out test, was also 
performed to detemine the state of stress at and adjacent to the thread-polyurethane interface 
(Fig.3.3). This model was subsequentiy used to determine the optimal fiction coefficient arnong 
thosegiven above that also generates similar stresses at and around the interface. Shearstrength 
of polyurethane material was measured according to the ASTM standards D732-93, to be 
1.4M.3 5 MPa in ail foregoing pullout test models, therefore, amaximum allowable shear stress 
of 1 -4 MPa was @en atthe metai-polyuredianeinterfàce beyond which sliding ocain. The applied 
load was increased step by step and the nonlinear response was computed. In this manner. the 
interface stresses were determined for every load step until the applied load reached the final pull- 
out resistance of the post, at which step no additional shear stress could be carried alonç the 
interface. 
Three-dimensional nonlinear finite element models ofexperimental inclined pullaut tests of posts 
and screws inserted in polyurethane cylinden were developed and analyzed using the Ai3AQUS 
program. The simplified model developed for screw was used for inclined pull-ou t test of screws. 
A typical3-D finiteelement model for inclined pull-out tests is shown in Fig. 3 4 .  This is the half 
symmetric so 1 id elements, and 64 contact elements. The measured nonlinear fnction curves with 
friction coefficientsof0.38 and 0.2 for the polyurethane-porous and -smooth metal interfaces, 
respectively, were incorporated. Theeffective interference at the polyurethane-metal interface was 
0.025 mm for porous coated posts and 0.15 mm for smooth surfaced posts. These effective 
interference values were directly based on measurements ofthe hole diameter before and after the 
pull-out tests (Shirazi-Ad1 et al.. 1994). 
3.4 RESULTS 
The rneasured loaddisplacement response for a screw @=8 mm, L= 23 mm, DS=3 mm) inserted 
in polyurethane cylinders and the computed response for its equivalent post compare weil as 
shown in Fiç. 3.5. For this case, the effective interference at the polyurethane-meral interface and 
the friction coefficient are 0.09 and 2 mm, respectively. Based on the detailed analysis of predicted 
displacements and stresses in the polyurethane for various fiction coefficients, asmooth-surfaced 
post with an interface fnction coefficient of about 2 is found to be the most suitable to replace the 
screw as its mechanically-equivdent stmcture. This is detemineà by comparing the post pull-out 
predictions with both loaddis placement measurements and stress values com puted fiorn detailed 
axisymmetric model of the screw pull-out test. 
The measured and predicted load-displacement responses for porous-coated and srnooth posts 
inserted in polyurethanecylinders areshown in Fig. 3.6. The predicated finite element results yield 
similartrends as those measured. The results of finite elernent model and experimental studies of 
axial pu l l~u t  force vs inclination for porous, smooth-surfaced posts and screws are presented in 
Fig. 3.7. The effect oFload inclination in posts and screws shows three distinct patterns. Increasing 
the inclination angle increases the axial pull-out load of porous posts. It does not. however, 
significantly affect that for smootb posts while the axial pull-out load for screws reduces as the load 
is inclined. The maximum shear stress that can be transferred at the interface was limited in al1 
models to 1.4 MPa based on ourshearstrength tests. lncreasing the inclination can not increase 
the shearresistance beyond 1.4 MPa, but could reduce the shear resistance in sorne areas due to 
smaller normal stresses yielding a considerable reduction in axial pull-out resistance force in screws. 
The above results are confirmed by both experimental and finite element studies. 
3.5 DISCUSSION 
The objective ofthe present work was: to propose effective finite element models for the fixation 
analysis of screws; and to investigate the effect of shear loading on the pull-out strenfl of 
srnooth/porous-surfaced pos ts and screws . 
In the eariiermeasurements studies (Shi&-Ad1 et al., 1994), smooth-surfaced posts demonstrateci 
supenor pu1 1-ou t performance under both single and fatigue loading conditions when comparecf with 
porous-surfaced posts ofthesamedimensions. The current experimental and finite element results 
of inclined pull-out tests indicate that the foregoing diflerencediminishes in the presenceofshear 
loads. The axial pull-out force of smooth posts was not affected significantly by increasing the 
inclination angleofpull-out force. This is due to higher normal stresses at the interfaceofsmooth 
surfaced post and polyurethane cy linder. Howwer, it is found that the inclination of the load affects 
the axial pullsut load for porous-coated posts. This is due to alteration in the normal stresses at 
the interface. Screws, however, demonstrated aconstant reduction in axial pull-out raistance force 
under combined loads. This could panly be due to the limit placedon the interface shearstress not 
to exceed the measured shear strength of the material. The above pred i cted and measured influence 
ofthe load inclination on the axial component of the pull-out force in screw is in ageement with 
experimental results reported by others (King and Cebone. 1993). 
Given the cornplex çeometry ofascrew, mechanically-equivalent finiteelement model for bone 
screws was proposed byreplacingthescrews by posts with modified propenies at the interface. 
For different friction coefficients varying from 0.2 to 0.6, proper interference values were chosen 
by matching the computed and expenmental pull-out load-displacement results. The friction 
coefficient of about 2 was then selected as an acceptablevalue after comparing the state of stresses 
around the equivalent posts with those computed based m a  detailed axisymmetric model ofthe 
screw. The equivalent post, therefore, generates nearly the same response as measured for the 
screw (Fiç. 3 - 5 )  along with reliable stress field in the surrounding body. Thegood agreement 
between numerical and experimental results confirms the accuracy in modeling the posts, and 
screws. These models can, hence, be used in future implant fixation studies. 
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Figure 3.1 The experimental set up for the pull-out tests under inclined loads (Le.. 
combined loads). 
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Figure 3.2 The axisymrnetric finite element mode1 of the pullsut test of a screw inserted in 
a polyurethane cylinder. 
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Figure 3.4 A3D finite element mode1 ofthe pull-out under combined loads. 
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Figure 3.5 Experimental (Shirazi-Ad et al., 1994) and f ~ t e  element (based on equivalent 
post) load-displacement responses of a screw inserted in pol yurethane c y iinder. 
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Figure 3.6 Axial pull-out load-displacement behaviour of porous- and smooth-surface 
posts. Expenmentai and finite element results (O deg inclination). 
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Figure 3.7 The effect of inclination of load on measured (mean T SD) and predicted axial 
pull-out forces for posts and screws. 
CHAPTER 4 
FINITE ELEMENT ANALYSIS OF TIBIAL IMPLANTS 
- EFFECT OF FIXATION DESIGN AND FRICTION MODEL 
4.1 ABSTRACT 
A three dimensional nonlinearfinite element model was developed to investigate tibial fixation 
designs and friction models (Coulomb's vs nonlinear) in total knee arthroplasty in the irnmediate 
postoperative period with no biological attachent. Bi-directionai measurement-based nonlinear 
friction constitutive equations were used for the bone-porous coated implant interface. Friction 
properties between polyethyleneand femoral cornponent were measured for this study. Linear 
elastic isotmpic but heterogeneous mechanicd propenies taken from literature were considered 
for the bone. Tensile behavior of polyethylene was measured and subsequently modeled by an 
elasto-plastic model. Basedon the earlier finite element and experimental pull-out studies, pegs 
and screws were also realistically modeled. The geometry of every component was obtained 
through measurements. The PCA tibial baseplate with three different configurations was 
cons idered; one with three screws, one with one screw and two short inclined porous-coated pegs, 
and athird one with no fixation for the sake of cornparison. The axial load of 2000Nwas applied 
through the femoral component on the media1 plateau of articular insert. It was found that 
Coulomb's M o n  significantly underestimates the relative micromotion at the bone-implant 
interface. The lowest micromotion and lift-offwere found for the design with screws. Relative 
micromotion and stress transfer at the bone-implant interfacedepended significantly on friction 
model and on the baseplate anchorage configuration. Cortical and cancellous bones camed. 
respective1 y, 1 I - 13% and 6 8 6 %  ofthe axial load depending on the fixation contiguration used. 
The remaining portion was transmitted as shearforce by screws and pegs. Normal and Von Mises 
stresses as well as  contact area in the polyethylene iwertwere nearly independent of the baseplate 
fixation design. Maximum Von Mises stress in polyethylene exceeded the yield and was found 1-2 
mm below the contact surface for al1 designs. 
4.2 INTRODUCTION 
Dunng the last three decades considerable interest has been generated in the use of total knee 
replacement (m) as aneffdve means of reducing the pain associated with arthritis. The success 
of this technique to restore near-normal mobility at the joint in older subjects has prompted 
confidenceto use the'IXR in younger patients as well. Despite its success. failures of the TKR 
have been obsewed mainly due to loosening and failureof implant components. Design of implants 
for adequate fixation to sumunding host bone remains still as a challenge. Various fixation systerns 
are presently used in two distinct types of implants, Le., cemented and cementless. While in 
cemented implants, the polymethylmetacrylate (PMMA) is used as the bonding agent to attach the 
prostheses to the bone, in cementless implants the prostheses is intended to be fixed by biological 
attachent through bony ingowth. Therefore, the long-term success of the cementless operation 
may depend on the achievement of such biological integration ( 1). Excessive micromotions. 
stresses, and wear particles at the interface have been suggested to inhibit biological ingrowth and 
fixation stability . 
The f ~ t e  el ment (FE) methodofstruchiral analysis is recognized as a powerfbl tool in orthopaedic 
biomechanics (2). Two dimensional (2D) (3-7), axisymmetric (8- 1 1) and 3 D ( 1 2- 1 7) FE models 
have been employed to investigate the fixation roleof different design parameters in total knee 
replacements. Post length, postrigidity, and bonerigidity have been shown ( 10.1 1 ) to influence 
stress distribution in the bone. Use of a wider metal tibial plate was recommended to reduce 
maximum stress in theunderlying bone. Two-piece designs with separate components for each 
condyle have been indicated to lower interface tensilestress as compared wi th one-piece designs 
(4.7). In previous model studies, bonemechanical response has been represented as elastic (3- 
4,7.9- 12.16- 1 7) or elasto-plastic (6,14). Nonhomoçeneous material properties have been 
demonstrated to exert yreater effect on local stresses than do anisotropic matenal properties 
(3.17). In 2-D (6) and 3-D ( 1  4) comparative studies of cernented metal tray total condylar 
W C )  and noncemented porous coated anatomic (PCA) tibid plateaus using Coulomb's fiction. 
micromotions and stresses at the interface were found to Vary depending on the anchorage design. 
Keja et al. ( 12) assessed the effects of perimeterfixation versus mid-condylar pin fixation and plate 
thickness/stiffness on the relative bone-implant micromotion in a 3-D FE model study with 
frictionless intwface elements and hetemgeneous bone material propenies. Under the axial loading, 
the component with a perimeter fixation provided betterresistance to reversible relative motion than 
that with peg fixation. Another3D FEstudy(l6)on themicromotion of total knee tibial component 
suggsted the use of s a w s  for immediate postsugcal fixanon to enhance bone ingrowth. 
Previous studies considered the bone-implant interface fictionless ( I 1.12) to represent no bony 
ingrowth or fixed (4,7,17) for either a complete bony ingrowth or acemented (3,10) implant. 
Ideaiized Coulomb's frictional model has also been ernployed(9,14,16). Recently, measurement- 
based uni-diredonal nonlinearfnaion (1  8) was demonstrated in a pullsur study to substantially 
improve predictions. Previous models have often been based on idealized 2D or axisymmetric 
geometries. Due to irregular bone and implant geornetries, loading and nonhomogeneous matenal 
distribution, a 3D representation is necessary. Furthemore, majority of the FE studies, simulated 
the bone-prosthesis interface as frictionless, as perfealy bonded or with idealized Coulomb's 
fiction. No 3D study ofbone-implant structure has yet employed nonlinearfncOon propeha (19- 
2 1 ) measured at the interface between boneand various porous-surfaced implants. In addition, the 
simulation of posts and screws has often been inadequate. 
Wear debris ofpolyethyleneresults in periprosthetic osteol ysis (bone resorption) and loosening 
(22.26). Anurnberoffactors muid play a role in the polyethylene wear; quality of polyethylene 
(27,28), manufacniring process (26,29) and sterilization method (30-32). The importance of 
polyethylene thickness, geometry and kinematic conditions has been indicated (24,3342) 
recommending the use of polyethylene thickness greaterthan 6-8 mm for nonconfoming surfaces. 
The moreconforming articular geometry has also been suggested; nonconforming desips result 
in low contact area and high contact stresses exceeding the yield stress of polyethylene. In a 
retrieval analysis of48 total condylarpmahaes, significant positive correlations were reported for 
thesurface damage with the patient's weight and the time of prosthesis implantation (43) indicating 
fatige and cyclic loadings as the cause of damage. Pittinç and deiarnination as a result of fatigue 
fracture (24,42,44) have been reported as the most severe surface darnage modes in articular 
polyethylene component (23-X.33,11-42). Pitting ocmn when crack initiates at the surface and 
propasates at or beiow the surface. Once a surface crack has initiated, it can propagate in different 
modes (45-47). Delamination also takes place when a subsurface fatigue crack propagates parallei 
to the contact surface. In this failure mode, a layer of material peels away from the surface and 
creates voids. Microvoids in the matenal can also initiate a fatigue crack below the contact surface 
(48). Using the linearelastic fracture mechanics (LEFM), it was show (49) that a subsurface 
crack can propagate paralle1 below the surface for a given loading condition and fiction coefficient 
Cyclic shear stresses below the contact surface was the main parameter promoting crack 
propagation resulting in delarnination (23,49,50). It is apparent fiom the above studies that pitting 
and delarnination are a major cause of implant failure. The FE studies performed to evaluate 
contact stresses at the polyethylene-femoral component interface were initially limited to 2D or 
symmetric models. Despite the more recent 3D FE models, the influenceof inciuding the whole 
implant (e.g., tibia1 tray, resurfaced tibia, implant fixation design configurations) on computed 
stresses has not been determined. The synergy between micromotion and polyethylenedebris in 
implant response has been suggested in recent snidies (5 1 ). 
The likely couplinç between thearticularplateand prosthesis-bone stnicture as particularly related 
to polyethylene stresses and interface motions have been overlooked. The objectives of the 
present work were, hence, set to developa detailed 3D FEmodel ofthe bone-implant structure 
including al1 the interacting components and to: 
-calculate total and relative displacements at the bone-implant interface; 
-investigate the effect of different friction models (Coulomb vs nonlinear) on predictions; 
-obtain the stress distribution at the cortical and cancellous bone; 
-predict the effect of different configuration designs on predictions; and 
-obtain the maximum compressive contact and shear stresses in polyethylene insen. 
For the purposeofthis model study, the Howmedica porous coated anatomic (PC A) knee implant 
system with two different baseplate fixations weredigitized. An additional configuration with no 
pegdscrews was also used for thesake of corn parison. Measured friction and pull-out properties 
were considered for the representation of bone-implant interface properties (2 1 ) and of 
posts/screws (52). To obtain input data for the model, tensile properties of polyethylene and 
friction properties at metal-polyethylene interface were measured. It was hypothesized that the 
design configuration with screws would yield the stiffest response and that the typeof interface 
friction, Coulomb vs nonlinear, would markedly influence the results. 
4.3 METHODS 
4.3. f Geometry and meshes 
To constnict the 3-D seornetry of tibia, an adult nght tibial specimen of medium size was used. The 
cancellous bone appeared to be defect and disease free. M e r  removing thesoft tissues. the tibia 
was senal l y sectioned into parailel slices with thickness of2.5 mm near the articular surface to 
1 Omm in the diaphyseal region. The sequential slices were digitized to define the boundaries of the 
model. The thickness of theconical shell were also measured in different locations. A porous 
coated modular tibial baseplate(medium size implant. M-2, with 9mrn thick insert) (Howmedica 
Rutherford, New Jersey) with two fixation configurations was used in the present snidy. The 
geometry of thecomponents was obtained by coordinate measuring machine(CMM) and direct 
measurernents. The CMM is a 3 D measuring device that uses a probe, generall y a sensitive 
pressure-sensinç device, to detea the surface of theobject. The linear distances moved dong the 
three axes are recorded. thus providing the X, Y, Z coordinates. The CMM was used to masure 
the articulating surfaces of the femorai and tibia components. in the directions with larçer curvature, 
points werespaced 1 .O mm apan while in theflat regions 2 mm spacins was considered. These 
points were entered into an IGES file that was transferred to a CAD system to generate the 
drawing of each part. The mesh generation was performed by an in-house prograrn. A more 
refined mesh was considered at the contact regions. 
Two different configurations were used, the first included a tibial baseplate with three cancellous 
screws (8 mm diarneter and 3 2mm length) (Fig. 4.1 ), the second had one screw in anterior region 
and two small postenorly inclined prous coated pegs (8 mm diameter and 10 mm length). For the 
sakeof cornparison, another model with a porous coated tibia baseplate with no fixation resting 
freely on the bone was used. The contact between cortical bone and tibia component was 
established eveqwhereexcept at a few regions. The mesh included about 1 0900 eight-node linear 
brick and six-node lineartriangularpnsm elements and a total of 14300 nodes. Prism elements 
consisting less than 2% of whole elements wereusedto fi11 placpswith lowerstress gradient. About 
2500 elements were generated intemaily by FE software to model the interfaces. The general 
purpose FE program ABAQUS (ABAQUS, Ver 5.7, 1997) used to cany out this study. 
4.3.2 Material properties 
Cancellous bone has anisotropy in material properties due to iü lanice networkstructure (53.54). 
Finite element studies (3.1 7) have suggested that the effect ofthe anisotropy of the cancellous bone 
cm be neglrcted if its heterogeneity is taken into accuunt. Linearelastic modulus in both tension 
and compression has been suggested for cancellous bone (55). In this study, therefore. a linear 
elastic isotropie but heterogeneous model was used to model cancellous and conical material 
properties . Depending on the region (total of 20 regions), the modulus of elasticity for cancellous 
bone was varied between 17-340 MPa (56). The modulus of elasticity for cortical bone was 
considered to increase from 1000 to 9800 MPa from the epiphysis to themid-diaphysis ( 1 1,16). 
Poisson's ratio of 0.3 was considered for both cancellous and cortical bones ( 1 2,5 7). 
The yield stress and modulus of elasticity of polyethylene have been reported to Vary behrieen 5-32 
MPa and 314-1 390 MPa, respectively (58,59). In view of the existing scatter in reponed 
propenies, tension tests were peiformed to obtain the mechanical behavior required for the 
simulation. Four specimens wereobtained from polyethylene inserts (Howmedica) and prepared 
based on ASTM D63 8-94B (60) tension tests. The mie stress-strain results used in FE studies 
s howed a significant arnount of plastic deformation at low stresses (Fig. 4.2). The tension results 
were in good agreement with those ofotherstudies (38,6 1 ). The modulus of eiasticity and yield 
stress were taken as 1 O83 .O and i 3 .O0 MPa, respectively, whilePoisson's ratio was assumed to 
be 0.45. .4n elasto-plastic isotropie hardening model was considered for the polyethylene. The 
remaining metailic fernoral and tibia baseplatecomponents were modeled as linear elastic maierial 
with Modulus of elasticity of 220 GPa and Poisson's ratio of 0.3. 
4.3.3 Friction properties at bone-implant and polyethylene-metal interfaces 
Based on the earlier studies (1 9-2 1 )  the porous coated baseplate-bone interface was modeled 
using nonlinear friction properties (Fig. 4.3). The sarne apparatus used to obtain friction 
characteristics at the bone-metal interface (20,2 1) was used to obtain friction properties at the 
polyethylene-smooth metal surface. Specimens of polyethylene block with the contact areaof 
250mm2 ( 1  U m m  x 2Ornrn) and 1 00mm2 ( IOmm x 1 Omm) were obtained directly from 
polyethylene components (GüR4 15 resin, gamma irradiated at 2.5 Mrads, Howmedica Inc). 
Metallic surface (Vitallium, Howmedica Inc) was prepared to match the surface of femoral 
component Mean surfaceroughness of 1.75 microns and 0.025 microns c.l.a(center line average) 
were measured for polyethylene and metallic surfaces, respeaively. Variation offnction coefficient 
with contact pressure were also investigated for both dry and wet (with saline) surfaces. Bi- 
directional tests were performed to investigate the possible coupling phenomenon in response to 
tangential loads appli~d in two perpendiculardireaions. The cornpiete load-displacement response 
was recorded for each of four specimens used. 
Typical experimental results of uni-directional fiction tests obtained at the pol yeth ylene-metal 
interface, wet and dry, are shown in Fig. 4.4a. Friction coeficient for dry contact was slightly 
higher than that for wet contact. Friction behavior can be represented by Coulomb's fiction model; 
the relative displacement at the interface prior to sliding rernained always under 5 microns (not 
altered by contact pressure or contact surface condition). Statistical analysis revealed a significant 
effect of contact condition (p<0.05) and contact pressure (piO.05) on friction coeff~cient 
(Fig.4.4b). Thesurfacerou&as forboth polyethylene and metallic surfaces remained unchanged 
before and after static friction tests. F iyre4 .4~  shows the insignificant effect of preload (p>0.05) 
on friction coefficient The interface between polyethyleneand metallic femoral condyle was. hence, 
modeled usin% Coulomb's friction model. Friction coefficient at the interface was taken as 0.045 
for a wet surface condition. The interfacebetween metal baseplate and polyethylene insen was 
considered to be fixed. This was based on the lock rnechanisrn at the interface which prevents 
relative motion. 
4.3.4 Post and screw models 
In the previous pull-out test studies on screws and posts (52), i t  was found that mechanical 
behavior of'bone screw can be obtained using an equivalent post with friction coefficient ofabout 
2.0. Based on this finding, screws were rnodeled as posts with theequivalent dimensions. Friction 
coefficient and initial interference for screws were considered to be 2.0 and O.O25mm, respectively. 
Since posts used in this study were porous coated, a nonlinear friction curve similar to that at 
baseplate-bone interface was considered forthe bone- post interface. Interference for the post 
model was 0.025 mm (62). This value was also found to adequately represent the pull-out 
response under combined loads (52). 
4.3.5 Loading and boundary conditions 
The compression force ofthree times body weight (B W), 2000N, was assumed (Morrison, 3 x 
BW; Collins, 3 . 9 ~  BW; Harrington, 3.5 xBW; Kluster etal., 3.9xBW; Taylor etal., 22-2.8 
x BW) (63-67). The total force was applied only on the medial fernord condyle to simulate a varus 
aligmnent. The distal end ofthe tibia1 was fixed in al1 directions. To prevent rigid body motion, the 
fernoral condyle was constrained in to move vertically only. 
4.4 RESULTS 
4.4.1 Displacements 
Predicted displacements along two typicai perpendicular lines at the bone-baseplate interface are 
shown in Figs. 4.5-4.7 for three design configurations (no fixation. post-fixation and screw- 
fixation). In contrast to the bone, the baseplate defornation pattern is nearly thesame for different 
designs. In the axial direction, the metallic baseplate shows geater deformation gradient (i .e.. 
bending) at the media1 plateau due to the varus compression loading considered. A lifi-off(i.e., 
nomal separation ofbaseplate from the underlying bone) is evident at the far lateral side of the 
plate. Differences in displacements given in these figures, being l q e s t  for the case with no fixation, 
indicate relative micromotion. Fiçure4.8 depicts the final deformed shapeofbone-im plant structure 
for the design with pegs. The deformation of thestnichire to the right is due to the presence of 
horizontal force atthe polyethylene-femoral interface. Similardeformations were also obtained for 
the other two design configurations. 
4.4.2 Micromotions 
Figures 4.9a and 4.9b compare the horizontal relative micromotions at the bone-implant interface 
for three designs. The horizontal micromotions (resultant of X and Y components) and the 
maximum l i f tsf f (Z component) at the interface are listed in Table 4.1. The larçest relative 
micromotion for al1 models was obtained at the perirneter of the implant. Figures 4.9a and 4.9b, 
also, illustrate the relative horizontal micromotions at the bone-baseplate interface for the design 
with no fixation cornparhg two interface friction models, i.e., Coulomb's friction and nonlinear bi- 
directional friction. in this design, fiction is theonly means for the transfer of shear loads at the 
interface. Coulomb's friction significantiy underestirnates the relative displacement in both X and 
Y horizontal directions. Themaximum relative displacement found at thebone-implant interface is 
13.2 and 2.3 microns forCouIomb's frictionand 30.0 and 14.8 microns fornonlinearfriction in 
X and Y directions, respectively. 
4.4.3 Stresses 
Normal contact stress at the bone-implant interface along the M-L and A-P directions are s hown 
in Fig. 4.1 O for different fixation systems. Posts andscrews transmit a portion of the applied axial 
load throuyh shear stresses (Table4.2) thereby resulting in lower normal contact stress at the 
bone-baseplate horizontal intdace(Table4.3). Forthedesign with screws, the media1 screw alone 
carries nearly half the total 22.9% resisted by al1 three screws. In fixations with screws or 
screw/peçs, nearly 5.5% of the load is resisted by the anterior screw. Figure 4.1 1 presents the 
nomal contact stress distribution in which maximum contact stress at media1 region reaches 2.99 
MPa for no fixation design, 2.8 1 MPa for the design with pegs and 2.56 MPa for that with screws. 
In both cortical andcance~lous bone, the lowest maximum normal contact stress is found for the 
design with screws as listed inTable4.3. interface resultantshearstress, not shown, follow the 
same pattern as thosegiven for normal contact stresses. Contact surface area is about 16.0 mm ' 
and 2050.0 mm' for the baseplate-cortical bone and baseplate-cancellous bone, respectivei y. The 
averagenormal stress at the interface between post/screw and bone are 1 2, 1 -2 and 0.4 MPa for 
medial, lateral and posterior regions, respectively. 
As for the pol yethylene insert, maximum Von Mises and contact stresses computed are listed in 
the Table 4.4, for al1 design configurations. Due to negligible differences between contact and 
Mises stresses between design configurations, the stress dishbution is presented only for the design 
with no fixation. The maximum contact stress occurs atthe contact surface while maximum Mises 
stress is I -2 mm below the dcular  surface. Maximum normal axial stress is fomd to be 48.1 MPa 
and compressive, for this design configuration. Figure 4.12 presents the Mises stress, minimum 
principal stress, and normal axial stress within the polyethylene at the medial site. Minimum 
principal stress is 49.4 MPa(in compression) and occurs at the contact surfacesimilarto thatof 
maximum normal compression stress. Maximum Mises stressof23.10 MPaoccurs about 1 mm 
below thecontact surface. Total articularcontact areais computed to be about 6 1 . 5mmLfor al1 
fixation configurations resulting in an average contact stress of 33 .O MPa. 
Theobjective ofthis study was to develop a 3D finite element model of a knee-implant structure 
to investigate themechanical fixation and stability ofdifferent design configurations under static 
conditions. For this purpose, nonlinear bidirectional friction properties between bone and porous 
coated metal plate were considered and compareci with the ideaiized Coulomb 's friction. Geometry 
ofthe tibia and implant wmponents wereobtained by direameasurements whereas the required 
rnechanical properties of constituent matenais and contacting interfaces were either measured 
experimentaliy or taken from the literahire. An elasto-plastic isotropie hardening model was 
considered for the articular polyethylene insert. A load of approximately three times the body 
weiçht was applied at the medial condylesirnulating a casewith avam alignment. Thenumberof 
loading and design configurations considered were limited due to the complexity of models/analyses 
(-3 5000 degrees of freedom). It should be emphasized that the material and interface properties 
used in this snidy are adversely affected by fatigue loading; the prediaions, hence, should not be 
applied over longer terni conditions. Moreover, the interface conditions ~nsidered here represent 
those at the immediate pst-surgical period in which neither bony ingrowth nor fibrous attachent 
has occurred, not at least to an important ment. In such cases, the ffiction is the sole mechanism 
ofsheartransfer between two opposing surfaces. Any substantial deviation expected in a longer 
term would violate the basic assurnptions and require additional attentions. 
4.5.1 Mechanical and friction properties of the polyethylene 
A good agreement was obtained between the measured mechanical propenies for polyethylene 
(Fig.4.2) and those presented by others (38,61). Thestress-strain curve for polyethylene was 
hialy nonlinearwhich should be accounted for in reaiistic model studies; iinearelastic model has 
been shown tooverestimatestresses by?5% (3 7). Themeasured friction coefficient at the metal- 
pol yethylene interface varying between 0.05-0.10 and 0.04-0 .O8 for dry and wet surfaces, 
respectively, was found in the range ofvalues reporteci in the literahireusing pin-on-disc testing 
apparatus (68-7 1 ). It was also noticed, in agreement with the previous friction tests (68,70), that 
the maximum interface resistance (or friction coefficient) diminishes as the contact pressure 
increases. Bi-directional tests revealed that the friction coefficient remained almost unchanged 
irrespectiveofthe presence of a tançential preload suggesting a weak or no coupling between 
different directions. This is in contrast to the fiction results obtained at the cancellous bone-porous 
coated metai interfaces (2 1 ). An idealized Coulomb's curve was, hence, taken for the metal- 
poiyethylene interface whereas the bone-porous coated metal interface was represented with a 
nonlinear bi-directional friction. 
4.5.2 Displacements 
Plate displacements predicted in this stud! 1 were consistent wi th those reported in the previous 
experimental and nwnerical studies (5,14,16,72). Displacement magnitudes (Figs. 5-7) for the tibia1 
implant varied dependingon the prosthetic design used. Displacernent in the axial (2) direction 
s howed the least dependency on the fixation configuration, particularly in the A-P (sagittal) plane. 
Displacements at the bone-implant inteiface nodes were higher in theX (M-L) direchon (i .e., about 
160-200 pm) than in the Y (A-P) direction (i.e., about 40-75 pm). Displacement at the interface 
was found to begreater at the bone than at the implant The lift-off at the lateral region led to a gap 
between bone and the implant reducing the effective contact area (73 ) and increasing, in tum, the 
compressive load and, hence, subsidence in theopposite media1 region. Screw fixation (Table 4.1 ) 
provided the least lifboff followed by the post fixation. Mura el a/. (74) found that, in presence 
of screws, the lift-off was reduced by more than 90%. 
4.5.3 Micromotion 
Incompatibility between the bone and implant displacements at the interface generates relative 
micromotions which were largest in the design with no fixation. Thedesign with screws followed 
by that with ascrew and two pegs yielded the stiffest response which is in agreement with the 
literature ( 1 8'73-78). in accordancewithotherstudies (1 6,18,2 1 ), it was found that the interface 
friction model significantly iduenced the relativemicromotion in both M-L and A-P directions. 
Coulomb's friction, as compared with the nonlinearfnction model, considerably underestirnated 
tansential relative micromotions, an observation made by othen as well ( 18.2 1 ). The maximum 
micromotion for screw and post fixation designs was computed to remain below 28 Pm which has 
been reported (79-80) to be compatible with bony ingrowth. Excessive relative motions can 
decrease bone proliferation into surface pores of implant (8 1,82). For dl design configyrations, the 
maximum micromotion occurred at the perimeter of the implant. 
Tissakhtet al. ( 16) measured the maximum relative micromotion to be 5 Fm at the bone-implant 
interface. They applied a 1000 N load in the center of top of the surFace ofthe implant fixed with 
4 short pegdscrews. The 3 -D FE study predicted that the maximum relative m icromotion varies 
fiom about zero for interface with fiction coefficient of 0.45 to 7.5 prn for the nictioniess interface. 
For screw W o n ,  even lower micromotion was predicted. The magnitude of the maximum relative 
micromotion they obtained experimentally and numencally is the lowest reported in the litemture. 
On the other hand, Kej a et al. ( 12) predicted the largest maximum relative micromotion for peg 
83 
(PCA) (up to 100 pm) and knife edge design configurations (up to 90 pm). They applied a 
symmetric loadof2500 Non each condyle and modeled the interface between implant and bone 
as frictionless to yield themaximum possible relative micromotion. Considering thedflerences in 
the location and magnitudeofthe load, gwmetry and friction mode1 used by othea, theresults of 
the present study is well situated in the range of the reponed results (4-5,7,12,14,16). 
4.5.4 Stresses and load transfer 
Normal contact stress at the bone-implant interface varied dependinçon the design. The maximum 
contact stress at thecancellous bone-implant interface (i.e., 2.8 1 MPa forthe design with peçs and 
2.56 MPa for that with screws computed at the medial boundary adjacent to the loaded area) is 
in the rançe of values reported by other finite element studies (4-5. 10, 14). Desisn with 
screws/pegs yielded lower interface contact stresses due to the partial transmission of the applied 
compression load viashearforces across thevertical interfaces between bone and screws/pegs. 
In screw-fixation design, 23%ofaxial load was transmitted in this manneras compared with 7% 
in the post-fixation design (Table4.2). An increase in interface interference (force-fit) could 
increase the foreçoinç proportions whereas repetitive fatigue loading tends to decrease them (63). 
An increase in interference is known (9) to be favorable to bone ingrowth due to larger res istance 
to micromotion. 
Apart from thescrews/pegs, the total force carried by thecancellous bone (with a total contact 
area of - 2050.0 mm2) and conical bone (with contact area of- 16.0 mm2) varied berneen 65- 
86% and 1 1 - 13% of total axial force, respectively, with the least values computed for the desigi 
with three screws. In the present stud y the contact between the cortical bone and tibiai baseplate 
occurred almost everywhere except in some regions due to the irregulari ty in the bone geometry. 
The useof implant-conex contact to transmit loads has been encouraged (1 0,83). Such contact 
can reduce excessive stresses in the underlying cancellous bone. However, resting of the implant 
edgeon the cortical sheli has been indicated by finite element studies ( 1 1 ) to have negligibleeffect 
on the interface micromotions. Due to higher stiffness of the cortical bone to that of cancellous 
bone, higher normal contact stresses are expected for cortical bone (Table 4.3). Stresses under 
the tray at the screw/post areas are lower for plates with fixation than that without fixation 
(Fi y r e s  10,I 1 ). The reduction of the normal stress at these regions can explain the clinical 
observations (83-84) in which formation offibrous tissueand not bone ingrcwth was seen at the 
bone-implant interface around the screw/post areas. 
4.5.5 Polyethylene 
A major problem reponed in the X R  is the polyethylene wear which could cause component 
failure and penprosthetic osteolysis. Factors such as patient weight, çender, level of activity and 
age could play a role in the rateof polyethylene wear(23-24,4 1-43 J6.58). Fracture mechanics 
studies have identified the high contact stresses and fatigue cracks in polyethylene as the cause of 
wear. in agreement with previous studies (34,4 1,85), the predicted magnitudeof nomal contact 
stress (48.0 MPa) was found well beyond the yield stress ( 13 .O m a ) .  High axial compressive 
stress which exceeds material yield point can initiate crack and cause fracture. Once a surface 
crack has initiated, it can propagate in different modes (42-44). The hydrostatic component of 
stress is not, however, associated with darnage; it has been shown (36) that polyethylene can 
withstand contact stresses that aresignificantly greaterthan its yield stress. Thedamage is mainly 
caused by thedistortion ofthemateriai as reflected in the Mises stress. Maximum Mises stress at 
polyethylene plate was predicted to occur below the contact surface the location ofwhich was 
found to be independent ofthe fixation design. The magnitudeofthe maximum Mises stress, being 
comparable to that ofothers (3 8,s 8), was found to be independent of the fixation configuration, 
as well. It appears, therefore, that the adquate modeling ofbone-baseplate interface might not be 
as crucial if calculation of polyethylenestresses are of primay concern. The results could also alter 
for thinner poly ethylene inseits less than 7mm. Stresses in polyethylene have been reported to 
depend arnonçst othen on its thickness and confonnity (26-30). The thickness has been 
recommended to be at least 6-8 mm. Retrieval analyses have indicated that Wear resistance 
depends on the relative confonnity of the articulatinç surfaces (3 3-34,42). It has been indicated 
(4 1 ) that the capture mechanisrn ofthe insert to baseplateaffects the rate of polyethylene wear. in 
the current study, however. a fixed interface between the polyethylene and the metal tray was 
assumed due to the presence of a lock rnechanism preventing polyethylene from sliding. 
In summary, -friction coeficient for polyethylene measured between 0.045 to 0.09 depending on 
the surface condition and contact pressure; -the Coulomb's friction underestimated the prediaed 
micromotions and nonlinear friction should be considered in the knee-implant analysis; -screw 
fixation design followed by post fixation design considerably reduced micromotions and Iifi-ofT, 
-maximum micromotion was obtained at the perimeter of the implant for al1 the configurations; - 
about 1 1-13% of total axial load was carried by the cortical bone while cancellous bone 
transferred 65-86% depending on the fixation with the remaining portion transmitted through 
screws and peg; -polyethylene stresses were independent ofdesign configuration; -maximum 
Mises stress occurred at 1-2 mm below the contact surface within the polyethylene while the 
maximum normal stress was predicted to be at the contact surface. 
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Table 4.1. Average and Maximum Magnitude of Relative 
Micromotion at the Bone-lm~lant Interface for al1 Fixation Confimiratic 





Screws 1 3.2 1 3.9 1 21.2 1 5.1 1 21.6 
Table 4.2: Percentage of Normal Load Carried by Each Component 
at the Bone-Implant Interface for d l  Fixation Configurations. 
Il I il 
Maximum 
lift-off [ p l  
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Micromotion [pm] 
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Table 4.3. Maximum Normal Contact Stresses (MPa) 
11 Posts and screw 1 13.1 1 7.81 11 
Predicted at the Cortical/Cancellous-Implant Interface. 
11 ~crews 1 12.5 1 2.56 11 
Fixation configuration 
Free 
11 POSE and screw 1 23.23 ( 48.47 11 
i 
Maximum norrnat contact stress 
Table 4.4: Maximum Mises and Normal 

















Figure 4.1 Finite element grid used in the study: A) Proximal tibia, metallic baseplate. 
polyethylene insert and a part of the femoral component used to apply compression. B) tibial 
baseplate for the design with screws, and C) tibial baseplate for the design with two inclined 
pegs and one screw at the anterior region. Pegs and screws are modeled as cylinders with 
interference and fiction properties representing their measured pull-out response. 
4 6 8 
Strain (%) 
Figure 4.2 Measured (mean = standard deviation) tme stress-logarithmic strain 
curve for polyethylene. 
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Figure 4.3 Nonlinear fiction curve used for the bone-porous coated metal plate interface. 
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Figure 4.4 Measured results of fiction tests at the metai-polyethylene interface for dry and 
wet surface conditions; A) Typical load-displacement curves, B) Variation of fnction 
coefficient (mean T standard deviation) with contact pressure. and C) Variation of fiction 
coefficient ( mean F standard deviation) in one direction in presence of a preload in the other 
direction. The preload is expressed as % of the mean interface resistance load. 
Displacement at the Bone-lmplant Interface (no Fixation) 
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Distance Along the Horizontal Interface (mm) 
Figure 4.5 Interface bone and baseplate displacements at the final ioad for the design with no 
fixation dong M-L (on the lek in frontal XZ plane) and P-A (on the ri@. in saginal plane) 
lines in X (on the top), Y (at the middle), and Z (at the bottom) directions. 
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Figure 4.6 Interface bone and baseplate displacements at the fmd  load for the design with 
two pegs dong M-L (on the left, in Frontal XZ plane) and P-A (on the right, in sagittal plane) 
lines in X (on the top). Y (at the middle), and Z (at the bottom) directions. 
Displacement at the Bone-Implant Interface (Screw Fixation) 
Frontal Plane Sagittal Plane 
Distance Along the Horizontal Interface (mm) 
Figure 4.7 Interface bone and baseplate displacements at the final load for the design with 
screws dong M-L (on the IeR in frontal XZ plane) and P-A (on the right, in sagittal plane) 










Displacement Magnification Factor = 10.0 
Figure 4.8 Displaced and original undeformed shapes at the final load; A) bone-implant 
structure in fiontal plane, B) baseplate in sagiaal plane, and C) baseplate in frontai plane. 
Relative Micromotion at the Bone-Implant Interface 
Frontal Plane 
Distance Along the Horizontal Interface (mm) 
(A) 
n Relative Micromotion at the Bone-Implant Interface 
Sagittal Plane 
Distance Along the Horizontal Interface (mm) 
(BI 
Figure 4.9 Total relative horizontal tangentid rnicmmotion at the bone-implant interface for 
different design configurations and two fiction models A) M-L line (fiontai plane) and B) P- 
A line (sagitiai plane). 
Contact Stresses at the Bone-Implant Interface 
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Figure 4.10 Normal contact stresses at the bone-implant interface for different design 
configurations dong A) M-L line (frontal plane) and B) P-A (sagittal plane). 
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Normal Contact Stresses at the Bone-Implant Interface (W a) 
Figure 4.1 1 Normal contact stresses distribution at the bone-implant interface for the 
design with A) no fixation, B) post fixation, and C) screw fixation. 
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Figure 4.12 Predicted Mises (A), axial (B), and minimum principal (C ) stress distributions 
within the polyethylene at the mediai condyle. Maximum Mises stress occurs at 1-2 mm 
below the contact surface while maximum compressive principal and axial stresses occur at 
the contact surface. 
A three dimensional non1 inear finite element mode1 was developed to investigate the mechanicd 
Hect offriction models (Coulomb's vs nonlinear) and tibia1 fixation designs (plate h e d  with three 
screws, plate fixed with one screw and two short posts and free plate) in total knee arthroplasty 
in the immediate postoperative penod in which no bony ingrowth has occurred. For this purpose. 
sorne prelimînary steps were taken to prepare the data required to be implernented in the fini te 
element model. Fint, the friction characteristics at the bone-implant interface were studied to 
propose the coupled b i-directional friction equations. The noniinear interface constitutive equaûons 
were implernented in the finite element model studies ofthe bi-directional friction tests to further 
validate thedeveloped equations and to identiQ the influence of coupling terms on results. The 
validated equations were implemented in the finite element model ofthe knee-implant system. 
Similar procedure was also taken to study the friction properties at the polyethylene-femoral 
component interface. Based on the raults, the interface between polyethylene and metailic femoral 
condyle was modeled using Coulomb's fiction. The intedace between polyethylene inseri and 
metal baseplate was considered to be fixed due to the lock mechanism at the interface. Since in 
a knee-implant system, screws/posts undergo shear force as well as axial force, the effect of 
inclination on pul la~t  responsewas investigated through expenmentai and finite element methods. 
The proposeci model for screws/posts was properly included in the 3D finite element model of the 
knee-implant. The geornetry of the constituents of the model was determined by coordinate 
measoring machine ( C m  or direct measurements. The mechanical properties ofthe bone and 
metallic componairs were artracted h m  literature while thoseof polyethylene were obtained h m  
experiments. A linear elastic isotropie but heterogenous model for bone and an elasto-plastic 
isotmpic hardening model for polyethylene wereconsidered in the finite element model. Theaxial 
force of three times body weight, 2000N. was applied through the femoral component on the 
media1 plateau of articular insert to simulate a case with significant varus alignment. The distal end 
ofthe tibia was fixed in dl directions. To block rigd body motion, the femoral condyle was allowed 
to move vertical1 y on1 y. The number of loading and fixation configurations was limited due to the 
complexity of the model. The limitations ofthe presentwork which may have influenced theraults 
areelaborated in the next section. Discussion ofthe results is presented in thesubsequent sections. 
5.1 Limitations of this work 
In the 3D finiteelement model presented in this work, geometry ofthe tibia was taken from a tibial 
specimen of averagesize. Due to variation in geometries used in this work and those used in the 
other investigations (both expenmental and FEM), a possible discrepancy between the result of 
this work and thatofthe others can beexpected. It should be noted that thematerial and interface 
properties employed in this study are advenely affected by cyclic Ioadings. Moreover, the interface 
conditions used here represented thoseat the immediate post-surgical period with no biological 
attachment. Therefore, the results should not be used to predict the response in longer-term 
conditions. Some other parameten which may affect the results are: 
neglecting the inclination of the tibia1 proximal surface, 
0 absence of contact with bone at the bottom of posts, 
fixing the femorai cornponent to move venically only, 
O the type of implant (PCA) used, 
0 refinement of mesh not likely perfonned adequately in al1 regions, 
0 the length of tibia, reported (Eskandari, 1993) to have an impact on the displacement and 
relative micromotion at the bone-implant interface, 
the magnitude, location and quasistatic application of the load may not represent the in- 
vivo loads, 
the model used for screw neglected the tightening effect, i.e.. the compressive force 
generated at the bone-baseplate interface while inserting a screw. 
no relative micromotion at the interface between polyethyleneinsm and metallic base plate 
was allowed, and 
the extend of contact between the tibia1 baseplate and cortical bone. 
5.2 Mechanical properties of the polyethylene 
Due to the inconsistent reponed properties, tension tests based on ASTM D638-94B were 
perfomed to obtain the mechanical behavior required for the simulation. Thespecimens were 
obtained from polyethylene inserts. The true stress-suain results showed asignificant arnount of 
plastic deformation at low stresses (Figure4.2). The modulus ofelasticity and yield stress were 
determined as 1 O83 .O * 69.2 and 13.00 * 0.83 MPa, respectively. The measured mechanical 
properties for polyethylene are in agreement with those presented by other researchers (Barre1 et 
al., 1995; K u m  et al., 1996). 
5.3 Friction tests at the polyethylene-metal interface 
Polyethylene is known for its low coefficient offiction, good resistance against wear and a high 
toughness. However, loosening has been recently obsenred due to polyethylene debris. To study 
the polyethylene wear, friction characteristics at the pol yethylene-prosthesis interface should be 
determined. Forthis purpose, small blocks of polyethylene wereused to obtain fnction behavion 
for both dry and wet (with saline) surfaces under various contact pressures. Bi-directional tests 
werealso perfomed to investigate thepossiblecoupling phenornenon in response to tangential 
loads applied in two perpendicular directions. 
Uni-directional fnction tests at the polyethylene-metal interface showed that fiction coefficient for 
dry contact was slightly higher than that for wet contact (Figure 4A). The measured friction 
coefficient at the metai-polyethy lene interfacevarying between 0.05-0. I O and 0.04-0.08 for dry 
and wetsurfaces, respectively, was found in the r a n g  ofvalues reponed in the literature usingpin- 
on-disc testing apparatus (BenabdaIlah, 1993 ; Fusaro, 1983; Jones, 1984). Friction behavior was 
simi lar to the Coulomb's fnction model due to the negligib le relative displacement. The relative 
displacement at the interface prior to sliding was not affected by contact pressure or contact 
surface condition. It was also noticed that the maximum interface resistance (or fiction coefficient) 
diminished as the contact pressure inneased. Statistical anal ysis revealed a significant effect of 
contact condition (p<0.05) and contact pressure (p<0.05)on friction coefficient (Fibare4B). Bi- 
directional tests revealed that the fnction coefficient remaineci alrnost unchançed irrespective of the 
presence of a tangential preload suggesting a weakcoupling between different directions (p>0.05). 
The interface between polyethylene and metallic femoral condyle was. hence. modeled using 
Cou Jorn b's friction model. 
5.4 Friction tests at the bone-implant interiace 
The bi-directional friction tests were performed to quantify the coupled relation between 
loaddisplacernent at the perpendidar directions. The &ect of loadiig/unloading on uni-directional 
friction properties at the interface between polyudme and the porous-surfaced metallic plate was 
also investigated. 
5.4.1 Bi-directional friction tests 
The aim of this part of the study was to investigate the friction characteristic at the 
bone/polyurethane-metal interfaces in the bi-directional motions required in nonlinear 3-D FE 
analysis of contacting bodies as is the case in the cementiess artificid joints. For this purpose, the 
experimental apparatus used forthe unidirectional tests (Shirazi-Adl et al.. 1993) was modified 
to allow the simuitaneous recording of loads and relative displacements in perpendicular directions 
at the interface. In the presenceof normal pressure, various preloads were applied in one direction 
and the response in both directions were simultaneousl y measured as an incremental l y increasing 
load was applied in the other direction. 
The measurements yielded similar load-displacement friction curves for the resultant values in 
bi-directional tests as those in uni-directional tests, regardless of the bone excision site. 
Experirnental results clearly suggested the presence of couplinç between two perpendicular 
directions. This was found to be the case for the cancellous bone at al1 boneregions as well as the 
polyurethane. Friction coefficient was also found to be independent ofthe relative magnitude of 
tangential stresses at the interface, and was the same as that found in uni-directional tests. 
The measured results of this study, in accord with the earlier studies (Dammak et al., 1997b; 
Rancourt et al., 1990; Shirazi-Ad1 et al., 1993) confirmed that the coefficient of friction at the 
bone-metai interface does not depend on the bone excision site. The measured friction curves were 
highl y non1 inear with large relative dis placements in the range of 60-500 Fm dependingon the 
boneexcision sites. The initial slope was found to be higher at themedial and lateral regions due 
to the higher elasticmodulus ofbone in theseareas. The interface relative displacements were also 
found to be independent ofthe preload magnitudes for both bone and polyurethane specimens. 
5.4.2 Frictional contact formulation 
An analpical approach based on uni-directional load-displacement curves, suitable for use in 
bi-directional friction cases was also presented. These equations were developed with the 
assumptions thac in 2-D interfacemotions, micromotion occun in the direction of the resultant 
force and that it follows the uni-directional loaddisplacement curve. in the cunent developments. 
the friction properties in different directions are, nevertheless, coupled. Thecoupling of friction 
properties introduced ocdiagonal terms in constitutive relations. These equations were 
implemented in the FE model studies ofbi-directional friction tests. Agood agreement was found 
between the results of predictions and thoseof experiments (Fipre2.9.2.1 O). This satisfactory 
agreement was achieved by including the coupled tenns in the FE models. 
The FE simulations of friction tests confirmed the finding that the coupled tems in the friction 
constitutive relation ofthe interfaces with nonlinear load-displacement response were essential if 
accurate results were to be expected from model studies. Such coupling tems properiy account 
for thesoftening in coupled raponses when preloads in other directions are present. The anal ytical 
constitutive expressions with coupling t m s  werevalidated and could be used in FE model studies 
of the joint replacement systems. The developed constitutive equations showed that the 
crosssti ffness tems (i-e., coupling tems) vanished in a uni-directional friction anal ysis or when 
a Iinearfnction behaviorvm implemented foran interface. Thu, theseequations cm be simplified 
and accurately used in an axisyrnrneaic or two-dimensional analysis where there is only one shear 
component at the interface. The idealized Coulomb's fiction does not perform satisfactoril y even 
when cumpared with measured nonlinear uni-directional friction constitutive law (Darnmak et al ., 
1997a). In 3-D cases in which one component of shearforce at the interface is much larger than 
the other one, these coupiing tems can be neglected without noticeable loss of accuracy. This d d  
be vaaied by the modei studies of friction tests whai asmail preload is applied in one direction. 
Finally, the formulation presented in this work is lirnitedonly to interfaces with isotropic fiction 
propenies; i. e., where uni-directional fnction propexh are not direction dependeni. This has ben  
verified by our friction tests to be the case at the porous coated implant interfaces with the 
cancellous boneorpolyurethane. Therefore, in 3-D FEstudyofcontacting bodies with isotropic 
interfaces as in cernentless joint arthroplasty, the expenmental results coupled with constitutive 
formulations presented in this work should be used. 
5.4.3 Loadinglunloading friction tests 
The friction tests were performed under monotonically increasing/decreasing tangential load for 
porous and srnooth-surfâced plates. Nonlinear curves similar to those reponed in the earl ierstudies 
(Rancounet al., 1990; Shirazi-Ad1 et al., 1993) were found. These experiments su~gested that the 
friction response was mainly irreversible, regardless of the surfaces used in the experirnent. 
Polyurethane-porous surfaced metal plate interfaceçenerated larger residual displacement in 
unloadinç than the polyurethane-smwth surfaced interface. The reloadinç slope was identical to 
the unloadingone and no significant change in friction properties was observed after repeating the 
tests fora few cycles. However, repeating thecyclic loadseems to havean impact on the relative 
displacement. This remains as apartoffuture works requiring adetailed study. Theunioading 
stiffness (siope) found in friction tests was implemented in theFE mode1 shidy of loading/unioading 
pull-out tests. 
5.5 Pull-out tests 
The influence of load inclination and load cycle on the pull-out response was observed in both 
experimental and FE methods. 
5.5.1 f nclined pull-out tests 
The objective of this part was to study the effectof inclined load on the load-displacement behavior 
ofpull-out test specimens. Forthis purpose, both experimental and finiteelement method were 
used. Experimental tests were pefomed using a porous coated post, astainless smwth-surfaced 
post and a bone screw. Using aspecial set-up, the pull-out resistance forcevenus displacement 
curves were measured at fordifferent load inclinations. The FE models also used to predict and 
compareresultç with those of experiments. This was achiwed by usingthe measured uniilidonal 
friction properties along with coupled constitutive equations. The FE and experimental results for 
screws suppon those of King and Cebone (1  993). 
Theaxial pull-out forceofsmooth posts was not affiected significantly by increasing the inclination 
angle of pullaut force. This is due to higher normal stresses at the interface of smooth post sand 
pol yurethane cylinden. However, i t was found that increasing the inclination ofthe load affects the 
axial pull-out load for porous-coated posts. This is due to changinç the normal stresses at the 
interface. Screw demonstrated a constant reduction in axial pull-out resistance force with 
inclination. Since the screw was modeled as a post with relatively high interference, the normal 
stresses at the interface were higher than thoseofsmwth posts. In this study the maximum shear 
stress that can be transferred at the interface was limited in al1 models to 1.4 MPa based onshear 
strength expenmental t a .  increasing the inclination can not increase the shear resistance, beyond 
1 .4 ma, but reduces the s heu resistance in some areas due to lower normal stresses. Theoverall 
outcome was a considerable reduction in axial pull-out resistance force with increasing the 
inclination angle for screw. The aforementioned results were confirmed by both expenmental and 
FE study and in accord with the axisymmetric and experimentai studies for axial pullaut tests. Due 
to the fact that circumferential shearstresses werevery small compared to axial shearstresses at 
the interface, no significant change was observed using the uncoupled friction formulation. That is, 
118 
inclined load does not generate considerablecircumferential tangential stress at the interface. 
5.5.2 Axial loading/unloading tests 
The loading-unloading behavior of pull-out tests were investigated using both experimental and E 
model studies. Experimentai tests revealed nonlinear loaddisplacement behavior for both posts, 
particularly for the porous-surfaced one. The FE models of the pull-out specimens accurately 
represented theglobal load-displacement behavior. This was accomplished by usingnonlinear 
fnction model at the post-polyurethane interface. 
The mechanism of load transfer from the post to the polyurethane was determined fmm theanalysis 
of measurement and FE results. The FE analyses predicts a largeshear stress concentration at the 
tip ofthe post. Sincethe interfacecould only support a lirnited magnitudeofshearstress. slipping 
between post and polyurethane initiates in this region. As the mapitude of the applied load 
increases. the region of slipping extends upward from the tip ofthe post. The entire interface is in 
a slip state when shear stress at each point exceeds its corresponding shear limit. 
During the unloading p m  the post-polyurethane interface remained in a stick state along the 
interface. The unloadinç and reloading slopes ofthe curves remained unchanged, regardless ofthe 
magnitudeofthe load priorto unloading. In unloading, aresidual displacement was aiways present 
which was due to the relative micromotion between p s t  and cylinder during loading. The amount 
of longitudinal relative motion between post and cylinder depended on the prescnbed load, and, 
hence, on the nonlinear friction at the interface. The normal stresses due to press fit (initial 
interference) were remained unchanged during the loading/unloading process. 
5.6 Finite element model of knee-implant 
Theobjective ofthe final pan of the present study was to develop a 3D finite element model ofa 
knee-implant stnicture to investigate the mechanical fixation and stability of different design 
configurations under staîic condition. For this purpose, nonlinear bi-direaionai fiction properties 
between bone and porous coated metal plate were considered and compared with the idealized 
Coulomb's friction. Geometry of the tibia and implant components were obtained by direct 
rneasuremmts whereas the required mechanical propenies of constituent materials and contacting 
interfaces were either measured expenmentally ortaken from the literature. An eiasto-plastic 
isotropie hardening model was considered for the articuiar polyethylene insert. A load of 
approximately three times the body weight was applied at the media1 condylesimulating a case with 
a varus alignment. The numberof loading and design configurations considered were limited due 
to the corn plexity of modeis/anal yses. It s hould be emphasized that the matenal and interface 
propenies used in this study are advenely affected by fatigue loadinçs; the predictions, hence, 
should not be appliedover longertemi conditions. Moreover, the interface conditions considered 
here represent thoseat the irnmediate post-surgical period in which neither bony ingrowth nor 
fibrous attachent has occurred. In such cases, the friction is thesolemechanism ofsheartransfer 
between two opposing surfaces. Any substantial deviation expected in alonger term would violate 
the basic assumptions and require additional investigations. 
5.6.1 Displacements 
Displacement magnitudes (Figures. 4.5-4.7) for the tibia1 implant varied depending on the 
prosthetic design used. The magnitude ofdisplacements (maximum = 0.20 mm) were in the range 
reported in the other studies (0.15 mm, Rakotomanana et al., 1994; 0.10 mm, Tissakht et al., 
1995). Displacement in the axial (2) direction showed the least dependency on the fixation 
confi yration, particularly in the sagittal plane. Displacements at the bone-implant interface nodes 
were higher in the medio-lateral (X) direction (about200 pm) than in the anterior-posterior (Y) 
direction (about 75 pm). The lifi-off at thelateral region led to a gap between bone and the implant 
reducing the effective contact area and increasing, in tum, the compressive load and, hence. 
subsidence in the opposite media1 region. This was predicted by Wyatt et al. (199 1 ), as well. 
Screw fixation (Table 4.1 ) in accord with work of'Miuraet al. (1 99 1 ), provided the least lift-off 
followed by the post fixation. 
5.6.2 Micromotion 
Incompatibility between the bone and implant displacements at the interface generates relative 
micromotion which was iargest in thedesign with no fixation. The design with screws followed by 
that with a screw and two pegs yielded thestifTest response which is in agreement with the literature 
(Dammak et al., 1997a; Kaiser and Whiteside, 1990; Lee et al., 199 1 ; Miura et al ., 1 99 1 ;Vol2 
et al., 1988 ; Wyatt et al., 199 1 ). It was found that the interface friction model sigiificantly 
influenced the relative micromotion in both medio-lateral and anterior-posterior directions. 
Coulomb's friction, as compared with the nonlinear friction model, considerably underestimated 
tangential relative micromotion, an observation made by others as well (Damrnak et ai., 1997a). 
The maximum micromotion forscrew and postfmtion designs was computed to remain below 28 
Fm which has been reported (Jasty et al., 1997; Pilliaret al., 1986) to be compatible with bony 
ingrowth. For al1 design configurations, themaximum mimmotion occurred aithe penmeter of the 
implant. 
Tissakht et al. (1 995) measured the maximum relative micromotion to be 5 pm at the bone-implant 
interface. They applied a 1000 N load in the center of the implant fixed with 4 short pegs/screws. 
The3-D FE study predicted that the maximum relative micromotionvaries frorn about zero for 
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interface with friction coeficient of 0.45 to 7.5 pm for the frictionless interface. The lowest 
micromotion was obtained for screw fixation. This investigation predicted the lowest maximum 
relative micromotion reported in the literature. On theother hand. Keja et al. (14) predicted the 
largest maximum relative micromotion for peg fixation (up to 100 pm) and knife e d g  design 
fixation (up to 90 pm). This study considered a total load of2500 N applied syrnmeaically on each 
condyle and modeled theinterface between implant and bone as fnctionless to yield the maximum 
possible relative mimmotion. Considering the differences in the location and maginide of the load, 
geometry and fiction model used by others, the results of the present study (Figure 9) is well 
situated in the range of the reponed results (Beaupre et al.. 1986; Lewis et al., 1982; 
Rakotomanana et al., 1994; Vasu et al., 1986). 
5.6.3 Stresses and load transfer 
Normal contact stress at the bone-implant interface varied depending on the design. The maximum 
contact stress at the canceIlous bone-implant interface (i.e., 2.8 1 MPa for the design with pegs and 
2.56 MPa for that with screws computedat the medial boundary adjacent to the loaded area) is 
in the range of values reported in the iiterature (Beaupre et al., 1986; Murase et al., 1983; 
Rakotomanana et al., 1994). Design with screws/pegs yielded lowerinterface contact stresses due 
to the partial transmission of the applied compression load viashear forces across the interfaces 
between boneand screwslpegs. In screw-fixation design, 23% of axial load was transmitted by 
screws as compared with 7% in the post-fixation design (Table 4.2). An increase in inteiface 
interference (force-fit) could increase the foregoing proportions whereas repetitive fatigue Ioadinç 
tends to decrease them. An increase in interference is known (Dawson and Bartel, 1992) to be 
favorable to bone ingrowth due to larger resistance to micromotion. 
Apart from thescrwlpegs, the totai force carrieci by the cancellous bone and cortical bone varied 
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between 65%87% and I OYO- 1 3% oftotal axial force, respectively, with the least values computed 
for the design with three screws. The use of implant-cortex contact to transmit loads has been 
encouraged (Bourneand Finlay, 1988; Murase et al ., 1983). Such contact can reduceexcessive 
stresses in the underl ying cancel lous bone. However, resting ofthe implant edge on the cortical shel l 
has been indicated b y finite element studies to have negligible eEect on the interface micromotion. 
Due to higher stiffness of the cortical bone to that of cancellous bone, higher normal contact 
stresses are expected for cortical bone (Table4.3). Stresses under the tray at the screw/post areas 
were lower for plate with fixation dian that without fixation (Figures 4.10.4.1 1 ). 
5.6.4 Potyethylene 
h major problem reponed in the TKR is the polyethylene wear which could cause component 
failure and periprostheticosteolysis. Factors such as patient weight, gender, level of aaivity and 
aye could play a role in the rateof polyethylene wear(Barte1 et al., 1986; lshikawa et al., 1996; 
Hood et al., 1983; Landy and Walker, 1985; Min& et al., 1991; Rose et al.. 1984; Wright and 
Bartei et al., 1986). Fracture mechanics studies have identified the high contact stresses and fatigue 
cracks in polyethylene as thecauseofwear. In agreement with prwious studies (Chillagnd Bartel, 
1 99 1, Mintz et al., 1 99 1 ; Szivek et al., 1 996), the predicted magnitude ofnormal contact stress 
(48.0 MPa) was found well beyond the polyethylene yield stress. Maximum Mises stress at 
polyethylene plate was predicted to occur below the contact surface the magnitude and location 
of which were found to be independent of the fixation design. It appears, therefore, that the 
adequate modeling ofbone-baseplate interface might not be as aucial ifcaldation of polyethy lene 
stresses areof primary concem. Stressa in polyethylene have been reponed to depend arnongst 
others on its thickness and conformity. Thethickness has been recommended to be at least 6-8 
mm. Retrievd analyses have indicated that wear resistance depends also on the relative confonnity 
of the articulating surfaces. It has been indicated that the capture rnechanism of the insert to 
baseplateaffects the rate of polyethylene wear. In thecurrent study, however. a fixed interface 
between the polyethylene and the metal tray was assumed due to the presence of a lock mechanism 
preventing polyethy lene from s l iding. 
5.7 Clinical perspective 
The fini te elernent mode! study confirmed the earlier results that the use of screws for fixation of 
implants provides thestrongest attachment mechanically achieved. Screws were proven to be 
effective in preventing lift-offas well as the micromotion. However, their performance rnay be 
affected if screws are entitled to the large shear force or cyclic loading. It was shown in the 
combined pull-out tests that pull-out resistance ofscrews were hiçhly influenced b y increasing the 
inclination angle (shear force). The fatigue studies aiso showed that smooth posts has better 
performance than their counterparts (porous coated posts and screws). 
The relative micromotion prediaed in this mode1 study is in the range that believed to be required 
for the bone ingrowth. The maximum micromotion was appeared to be at the perimeter of the 
implant for all design configurations considered in this work. To reduce the micmmotion in this 
area, increasing the number of screws and locating them more peripherall y are recommended. 
By applying the load at the medial condyle, the medial screw alone carried 1 1 % of the load. Shear 
contact stresses at the bone-screw interface canied part ofaxial load yielding the lowest stress 
distribution at the bone-implant interface for al1 designs. 
Using a custom made implant or a larger implant to cover the cortex can reduce the interface 
stresses at thecancellous bone-implant interface. The implantartex contact can also prevent the 
cortical bone atropy. 
CEAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 
The foilowing steps were taken to develop a three dimensional finite element model to investigate 
tibiai fixation designs and friction models in total knee arthroplasty in the immediate postoperative 
period. In the fint step, geometry of the constituents of the model were measured by CMM or 
manual insmiments. In the second step, mechanicd pmpenies ofthe polyethylene were measured 
while those for the rest ofcomponents in the model were extracted h m  literature. In the third step. 
friction characteristics at the contact interfaces (polyethylene-smooth surface metal plate and bone- 
porous coated metal plate) were determined and proper friction models for each interface were 
proposed and validated. nien, thevalidaieci fiction models for interfaces wereassiged in the finite 
element model ofthe knee-implant. In the fourth step, screw/posts behavior under inclined load 
was studied by experirnental and finiteelement methods. The results ofthis study were used to 
develop a reliable repraentation ofthe sc~ew/posts in the finite element model of the knee-implant. 
In the last step, boundary conditions and loading were applied to the mode1 to simulate a varus 
rnisalignment. Thestudia performed on the friction tests and the pull-out tests as well as the 3-D 
finite element model of knee-implant yielded to the results which were discussed in the earlier 
chapten. The important conclusions of the present work followed by some proposais for h r e  
research are presented in this chapter. 
6.1 Summary of conclusions 
The resuits of this work can be summarized as 
the true stress-strain results of polyethylene shows a significant amount of plastic 
deformation at low stresses. The rnodulus of elasticity and yield stress are i 083.0 and 
1 3 .O0 MPa, respectively, 
the measured friction coefficient at the metal-polyethylene interface varies between 0.05- 
0.10 and 0.04-0.08 for dry and wet surfaces, respectively, 
friction coefficient at the polyethylene-metal interfacediminishes as the contact pressure 
increases, 
bi-directional tests has dmost no influence on the friction coefficient at the pol yethylene- 
metal interface, 
resultant fiiction coefficient at the bone-porous coated metal interface measured by bi- 
directional friction tests are sirnilar to that obtained by uni-directional friction tests, 
bidirectional friction tests at the bondpolyurethane-porous coated metal interfacesuggst 
the presence of coupling between two perpendicular directions, 
increasing the inclination angle in pull-out tests influence pnmarily thescrew and porous- 
coated post behaviors, 
the Coulomb's fiction underestimates the predicted micromotion and nonlinear friction 
should be considered in the knee-implant analysis, 
screw fixation design foilowed by post fixation design considerabl y reduces micromotion 
and lift-off, 
maximum micromotion is obtained atthepenmeterofthe implant fora11 theconfïguraüons, 
about 10-1 3%oftotal axial Ioad was camied by the cortical bone whilecancellous bone 
transfers 65-85% depending on the fixation with the remaining portion transmitted h u g h  
screws and pegs, 
8 polyethylenestresses are independent ofdesign configuration and friction model, and 
8 maximum Mises stress occurred at 1-2 mm below the contact surface within the 
polyethylene while the maximum normal stress was predicted to be at the contact surface. 
6.2 Recommendations for the further studies 
The future work can be concentrated on the following subjects: 
Study the effect of cyclic loading on the friction coefficient at the bone-porous coated 
surfaces. 
Study the surfaces with aniçotropic friction properties and develop the required constitutive 
equations for such surfaces. 
Investiçate the cyclic loading effect on the pull-out tests. 
Present a proper finite element mode1 of pull-out tests under fatigue loading. 
Perform a parametric shidy to determine the effect of parameten like thickness, 
mechanical properties, loading combination, and . . . on the polyethylene stresses. 
Perform in-vitro study on knee-implant system and compare with the finite element 
predictions. 
Consider the anisotropic mechanical properties for the bone in finite element model ofthe 
knee-implant, and 
Develop a program to extract the 3-D geometry and mechanical properties ofthe bone 
from CT images. 
6.3 Contributions 
Here is a bnef description ofsorne of the scientific contributions made by the present work. 
8 Measurements of mechanical properties of the polyethylene. 
Measurernent of the &don  properties at the polyethylene-smooth surface metal interface. 
Measurement of the b i-d irectional friction properties at the bone/poiyurethane-porous 
surface metai interface. 
Measurement of the effect of loadinghnloading on uni-directional friction properties. 
Experimental study of inclined pull-out test behavior. 
Experimental study of the loadiny/unloading behavior of pull-out tests required for future 
fati y e  investigations. 
Development of constitutive equations required to model the bi-directional nonlinear 
isotropic friction behavior. 
Axisyrnmetric finite element model study of loading/unloading pull-out tests, initiated for 
future numerical fatigue investigations. 
3-D finiteelement model studyofthe inclined pull-out tests in order to acquire a proper 
and accurate model for use within the knee-implant FE model, and 
Development of a 3-D nonlinear finite element model of a knee-implant structure. 
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APPENDIX A :  
NUMERICAL AND EXPERIMENTAL STUDY 
OF lNTERFACES WITE NONLuYEAR FRICTION 
APPENDiX A 
NUMERICAL AND EXPERIMENTAL STUDY 
O F  INTERFACES WITH NONLINEAR FRiCTION 
The purpose ofthis study is to develop properconstitutivereiatiom forthe interfaces with nonlinear 
friction properties to be irnplemented in the finite element analysis of cementless human knee joint 
implants. In the first part, bi-directional friction tests are perfonned to detennine the pnmary and 
coupled relations between tangential stresses and relative displacements in two perpendicular 
directions at the beaded porous coated metal-polyurethane interface. in thesecond paq to validate 
the developed constitutive relations, the foregoing tests are simulated by finite element models. The 
influence of the coupling terms on results is investigated by comparison of predictions with 
measurement results. In the last par- a metal plate resting freely on top ofa polyurethane block is 
analyseci under normal and tangential loads to further study the influence of the intenace fiction 
coupling terms on results. The measured and computed raults indicatethat the coupling terms 
should be present in the bi-directional nonlinear fiction constitutive relations. These terms. 
however, disappear when the fhction is unidirectional or the interface load-displacement relation 
is linear. In the event where one component oftheshear stress at the interface is much larger than 
the other one, such coupling terms would play a negligible role and, hence, can be dropped. 
Moreover, bi-directional tests suggest that the resultant load-displacement relation is nearly 
identical to that obtained in a uni-directional testing condition. 
In an ahri t ic  joint, the pain can be relieved and near-nomal activity be regained by a prosthetic 
replacement (ie, an artificial joint). Thenurnberof total joint replacements has grown significantl y 
in the last two decades, a trend that is expected to continue with the aging population of the 
western societies. Cemented and cementless implants are two distinct types that are currentl y used 
in thejoint arthroplasty. While in cemented implants, the cement is used as the bonding agent 
between the prosthetic components and the bone, in cementless implants the prosthesis is in direct 
contact with the host bone. In this latter. the short-and long-tenn fixation stability is provided by 
both the porous-coating of the implant at the interfaces with the bone and the screws/posts. The 
porous-coatinç is employed to promote bone ingowth and, hence, a biologic anachment ofthe 
artificial joint to the host bone. The success of the operation depends, therefore. on the 
achievement of such biologic integration. Many factors are known to influence the inçrowth of 
bone, for exarnple, the sizeofsurface pores and the magnitudeof relative dis placements at the 
bone-implant interface. Excessive relative motions at the bone-porous coated metal interface are 
generally recognized as a factor which decreases bone proliferation into surface pores of implants 
(Cameron et al., 1973, Ducheyneet al., 1977, t h e r e b y r d ~ g  inadvene fibrous ingrowth (Pilliar 
et al., 1986). 
In a cementless implanf the fnction at the bone-prosthesis interface plays an important role in the 
mechanical response ofthesystem, panicularly in the imrnediate post-operative period where no 
bony ingrowth has yetoccurred and the friction is the only means of load transfer in the direction 
tangential to the common interfaces. To snidy the relative significance of friction in the joint 
mechania, unidirectional friction properties at the interface between porous-and smooth-surfaced 
metals and the tibiai cancellous bone/polyurethane havepreviously been measured under single and 
repetitive fatigue loadings (Rancourtet al., 1990; Shirazi-Ad1 et al., 1993). It was found that, in 
conbast tothe idealized Coulomb's friction, the tangential load-displacement at the interface is 
highly nonlinear in which relative1 y large tangential displacements are recorded beforetheultimate 
load is reached. The measured interface nonlinear properties were implemented in axisyrnmehic 
finite element analysis ofpush-out tests (Shimi-Ad1 and Forcione. 1992) and tibial knee implants 
(Forcione and Shirazi-Adl. 1990). These limited case studies demonstrated the important roleof 
friction in fixation mechanics of cementless artificial joints. The earlier finite elernent studies of 
cementless tibial components in total knee replacement have been limited in either using the 
idealized Coulomb's friction (Dawson and Bartel, 1 9%; Rakotomanana et ai., 1 994) or assuming 
a frictionless contact at the bone-implant interface (Kejaet al., 1994; Shirazi-Ad1 and Ahmed, 
1989). 
The foreçoing experimental and mode1 studia treated the friction between two bodies in on1 y a 
uni-directional context in which two opposing bodies in contact are bound to move along a Iine 
and, hence. transfer shear load only dong thesame line of motion. in athree dimensional antact 
problem. the articulating bodies could undergo relative movements and develop shear force in any 
direction on the common interface. This direction could also change durinç the course of 
defonnation. The phenomenon of'bi-directional friction between two bodies, therefore, needs to 
be studied in an experirnental snidy the results of which can, then. be employed to develop 
appropriate constitutive laws necessary to perform redistic model studies of cementless artificial 
joints. Based on the above discussion, the aim of this study is set as to develop appropriate 
b i-directional nonlinear constitutive equations at the bone-polyurethanemetal intdace needed for 
three dimensional f ~ t e  element analysis ofhuman joint implants. Since, the three dimensional fuite 
element model experiences two dimensional relative motions at the common interfaces, 
bi-directional friction tests between polyurethane specimens and a porous-surfaced metal are 
initially performed to quantify the required coupling tems in the nonlinear friction constitutive 
relations. Proper anaiytical expressions aredewelopedforthe bi-direcb'onal nonlinearfhction which 
m u n t  for the coupling temis. The mode1 predictions, implernenting the bidirectional fhction laws, 
aresubsequently compared and validated with the measurement results. Finally. inorderto idencify 
the relative importance of new coupling terms, the response of a plate resting freely on a 
polyurethane cube is investiyated under combined compression and shear forces. The 
dis placements are compared to demonstrate thesignificanceof the bi-directional constitutive 
relations as compared with the unidirectional relations when studying interfaces with nonlinear 
friction propenies. Evidently, such distinction cannot be made for the surfaces with Coulomb or 
bi-linear friction properties. 
A.3 METHOD 
A.3.1 Measuremen ts 
To perform friction tests, a beaded porous-surfaced metal plate(madeofVitailium. Howmedicq 
Rutherford, NJ) with the surface texture similar to those currently used in cementless implants is 
used. Polyurethane cubes are also prepared as the opposing body in friction tests. The useof 
polyurethane is due to its avaiiabiiity, homogeneity, and material and srnicrural properties similar 
to the human tibia1 cancellous bone. We have also used similar polyurethane rnaterial in our 
previous pull out test investigations ofposts and s c r w  (Shirazi-Ad1 et d ,  1 994). The experimental 
apparatus developed earlier for our uni-directional fiction tests (Shirazi-Ad1 et al, 1993) is slightl y 
rnodified to allow for the simultaneous application of loads and measurement of motions in 
perpendicular directions. A schematic representation ofthe bidirectiond friction test is shown in 
Fig. A. 1. The nomai load is applied on top ofthe moving specimen to generate a uniform pressure 
at the interface while the tangential loads are applied via cables at the interface level to avoid 
undesired moments. The bi-directional nature ofthetats rqukes monitoring the loaddisplacement 
behavior in two perpendicular directions. Continuation of this work to measure the bone-porous 
coated implant bi-directional friction properties is currently undeway. 
To perform the tests, specimens of poiyurethane(about 20 x 20 x 1 O mm)  are cut and placed on 
top ofthe beaded porous-suifaced metai plateand anomal pressureof0.2 MPa is applied which 
remains constant during thetest. Our previous extensive fiction studies have demonstrated that the 
interface fiction resistance does not depend on the magnitude of the normal load and the rate of 
loading (Rancourt et al, 1990, Shirazi-Ad1 et al.. 1993). A constant tangeetial preload is applied 
in one direction (say x)  while another tangential load is applied and incrementally varied to its 
maximum value in the perpendicular direction (say y). The tests are terminated as soon as the 
maximum interface resistance is reached at which load the cubestarts siiding on the metal plate. 
These tests are repeated for four different preload magnitudes of 32%. 42%. 72%, and 90% of 
the mean maximum tangential force evaluated from pnoruni-directional fnction tests. Each test is 
repeated for a minimum of four times to perfonn subsequent statistical analyses. 
Frictional Con tact Formulation Measured nonlinear friction propenies of the uni-directional 
contact tests have been implemented in an in-house nonlinear finite element code and used to 
perform axisymmetric finite eiement stress analysis of push-out tests and tibia1 knee implants 
(Shirazi-Adl and Forcione, 1992; Forcione and Shirazi-Adl. 1990). In this study, the uni- and 
bi-directional nonlinear constitutive relations are developed and used in the AB AQUS ( 1992) 
program to perform the subsequent finite element analyses. To develop the relations. two 
formulations, one without coupling terms foruni-directional fnction and the otherwith coupling 
terms for bi-directional fiction, are presented. Theseare later compared and validated with the 
measurement results to evduate their limitations and applicabilities. 
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Case A: Withor<r coupling 
In this case, it is assumed that friction response in each direction is independent ofthat in theother 
direction. The shear resistance is, therefore, a function of relative displacement at that direction 
on1 y; ie, no coupling between different directions. The stress-strain relation for both directions are 
also assumed to be identical; ie, the isotropy of the response. For an isotropie uni-directionai 
friction behavior, the constitutive relation is expressed as: 
where r and y aretangential stress and relative displacement, respectively, andfis a noniinear 
friction fünction based on measurements in unidirectional friction acperiments. The gadient of the 
frictional stress with respect to y ,  (i=x,y) can be evaluated as: 
F r, - when i = j  -- 
a 
when i # j  
It is to be noted that the tangential stiffness ofthe interface in each direction is a function of the 
relativedisplacernent at that direction only. In this case, theoff-diagonal terms (cross-stiffness 
parameten) are ni1 and no coupling between different perpendicular directions is introduced in 
constitutive equations. 
Case Br Wifh coupiirzg 
In this formulation, it is assumed that the frictional properties in different directions are coupled. 
That is, a shear stress in one direction depends not only on the relative dis placement in its own 
direction but dso on that in the other direction perpendicular to the first one. This dependency 
introduces offdiagonal terrns in constitutive matrix that causes coupiing effects. In this case, it is 
actually assumed that the resultant tangentid forces and relative displacements occur in thesame 
direction and follow the nonlinear uni-directional fiction cuve. With these assumptions and defining 
the r, and ;5, as resultant shear stress and relative displacement, shear stress components in 
perpendicuiar directions c m  be calculated as: 
in which 
r ,  = f (Y,) 04.4) 
where f is the uni-directional nonlinear friction function obtained from experiments. 
Thegradientsofthe interface friction stress with the relative displacements y, and y, yield both 
diagonal and off-diaçonal stiffnesses as follows : 
One observes thai, in contrat to the uncoupleci formulation in case 4 al1 stiffnesses are a function 
of two perpendicular relative tangential displacanents. Moreover, It is noted that the cross-stifiess 
parameters (ie, coupling terms) in Eq. A.7 disappear ifthe friction response becomes linearor 
uni-directional . Our earlierunidirectional fiction measurements (Rancourt et al., 1990; Shirazi-Ad1 
et ai., 1993) demonstrated the linear dependence of theshearstress and the independence of the 
~ g e n t i a l  displacement on the nomal stress at the interface. in the foregoing developments given 
in Eqs. A. 1 -A. 7, therefore, the normal pressure term is lefiout, without loss of completeness. 
Finite Element Models To investigate the relative accuracy and performance of the foregoing 
constitutive laws, two finite element models are developed and analysed using the AB AQUS 
I 1993) progam. b the fint model study, the experimental fiction tests of polyurethane cubes on 
metal plate are simulated using a three dimensional mode1 that includes 52 eiçht-node brick 
elements. 148 nodes and 16 contact elements, as show in Fig.A.2. Both constitutive models with 
and without coupling are considered in orderto validate the assurnptions made in each case. To 
compare the predictions with the results of experimental friction tests, the geornetry, boundary 
conditions. and loading are taken identical to those used in tests. 
In second model study, a three dimensional finite element model of a beaded porous-surfaced 
metal plate resting freely on apolyurethane block fixed atthe bottom 1s developed, as shown in Fig. 
A.3. The friction at the interface is modelled using both formulations discussed in the above cases 
A and B. The dimensions for the rnetal plate and polyurethane specimen are 75 x 50 x 3 
(thickness) mm and 85 x 60 x 40 (thickness) mm, respectively. To perform this study, 1320 
eight-node brick elements, 1932 nodes, and 150 contact elements are used. The normal and 
tangential loads are applied in three consecutive steps, first the normal and then the IWO 
perpendicular tangential forces in x and y directions, reaching maximum values of 1000 N, 250 N, 
and 250 N, respectively. The elastic moduii of the plate and polyurethane materials for these 
studies are taken as 200000 MPa and 40 MPa, respectively. The Poisson's ratio for both materials 
is 0.3. 
A.4 RESULTS 
A.4.1 Experimental Studies 
Experimental results oftwo dimensionai friction tests performed on porous-surfaced metal plates 
and polyurethane cubes are shown in Figs. A.4 and AS, normalized for normal pressure of (Pn) 
I MPa. Each curve represents the mean valueof fnction results obtained in four tests with the 
standard deviation shown only for the final point of each cuve in order nat to overload thegraphs. 
Four different tangential preloads are taken in the x direction. The load-displacement is highly 
nonlinearexhibiting relatively large displacements before themaximum interfaceresistance is 
reached. It is seen that the presence of apreload in the x direction affects the response not only in 
the y direction but also the coupled tangential motion in thexdirection. Moreover, the coupling 
effect is seen to increase as the relative magnitude ofthe preload increases. The measured variation 
of resultant forces and displacements evaluated from these bi-directional tests is verified to be 
similar to that measured in uni-directional tests. 
A.4.2 Fini te Element Studies 
The predicted variation oftangentid loaddisplacement in the y direction in presence of various 
preloads in the x direction are shown in Figs. A.6 and A.7 for a polyurethane cube on a 
porous-SUrfd metal plate. These studies sirnulate the bidirectional ex perimental tests the r d t s  
of which are show in F i s .  A.4 and A. 5. Corn parison of predictions with rneasurements suggests 
a satisfactory agreement. It also confirms the constitutive formulatim accounting for the coupling 
terms and indicates that the response cannot be accuratel y computed if these tems are neglected. 
As for the finiteelement mode1 s tudies of the metal plate resting freely on a polyurethane block, a 
substantial difference is computed b e ~ e e n  theresults obtained by both constitutive formulations, 
one with the coupled terms and one without. Thepredictions areshown in Fig. A.8-A. 13. Both 
the primary displacements (ie, those in the direction ofapplied Ioad as s h o w  in Figs. A.9 and 
A. 1 1 )and coupled ones (ie, those not in the direction ofapplied Ioad as shown in Fiys. A.8 and 
A. 10)demonstrateasubstantial difference between two cases. The results indicate that the case 
with zero off4iasonal tems markedl y underestimates the tangential displacements In the nomai 
direction, however, almost identical displacements are predicted irrespectiveofthe constitutive 
relations used, as show in Fig. A. 14. These latter results show kat  the platesubsides in theresjon 
adjacent to the loads and lifts up away fromthe loads resuiting in cornpleteseparation of themetal 
plate and polyurethane block. 
A S  DISCUSSION 
Theobjective of the present study was to develop appropriate nonlinear constitutiveequations 
required forthree dimensional finite element analysis of contacting bodies as is the case in the 
cementless artificial joints. Expenmental friction studies at the beaded porous coated 
metal-polyurethane interface were performed to evaluatethe bi-directional fiction characteristics 
of the interface. For this purpose, in the presence of normal pressure, various preloads were 
applied in one direction and the response in both directions was measured as an incrementally 
increasing load was applied in the other direction. 
Experimental results clearly suggest the presenceof coupling between these two perpendicular 
directions. As the preload increases, the primary and coupled response under the applied load 
softens. The measurements yield similar loaddisplacement fnction curves for the resultant values 
in bi-directional tests as those in uni-directional tests. Friction coefficient evaluated as the ratio of 
the interface tangential resistance to the normal pressure was also found to be independent of the 
combination of tangential stresses at the interface, and is thesame as that found in uni-directional 
tests. 
The fi niteeiement simulations ofabove tests confirm the findings that the coupled terms in the 
friction constitutive relation ofthe interfaces with nonlinear loaddisplacement raponse areessentid 
ifaccurateresults are to beexpected fiom model studies. Such coupling terms properly account 
for thesoftening in both primary and coupied responses when preloads in other directions are 
present. The analytical expressions for the case with coupling are, therefore, validated and can be 
used in future model studies of the human joint implant systems. 
Both constitutive relations with and without coupling terms were used for thestudy of the response 
ofa metal plate resting freely on a polyurethane block. The results confirm the substantial influence 
of these coupling tems on the computed displacements in the tangential directions. Both the 
prirnary and coupled motions were affected. Moreover, the constitutive law with couplingierms 
exhibit asoftening response as far as the tangential displacements are concemed. Theidealized 
Coulomb's friction was found in Our earlier studies (Dammak, 1995; Darnmak et al, 1995) not to 
perform satisfactorily as compared with non 
hence, was not considered in this snidy. 
.lineu uni-directional fnction constitutive 
Based on the Eq. A.7, it is seen that the cross-stiffness terms (ie, coupling terms) vanish in a 
uni-directional andysis orwhen a linear fnction behavior is implemented in the program. Such 
formulation cm, therefore, be accurately used in an axisymmetnc or two-dimensionai analysis 
where there is only oneshear componentat the interface. Moreover, in three-dimensional cases 
aw and, 
. .  . 
in which one component ofshear stress at the interface is much larger than the other one, these 
coupling terms cm be neglected withoutnoticeable loss ofaccuracy. This is confirmed by both 
bi-directional test results shown in Figs. A.4-A.7 andourmodel studies ofthe pull out tests under 
inclined loads that were not reported here. Finally, it is to be noted that the formulation presented 
here is limited only to interfaces with isotropic fiction properties; ie, whereuni-âirectional fnction 
properties are not direction dependent. This has been verified by our fiction tests to be the case 
at the implant interface with the bone or polyurethane. 
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Figure A. 1 A schematic representation of the experimental setup for bidirectional fiction 
tests of bone or polyurethane samples on a porous-surfaced metal plate. 
Figure A.2 The three dimensional finite element mode1 of the experimental fiction test of 
Figure 1 simulating a polyurethane cube resting on top of a porous-surfaced metal plate. 
FREE PLATE 
POLYURETHANE BLOCK 
Figure A.3 Finite element mesh of a plate (75 x 50 x 3 mm) resting freely on top of a 
polyurethane block (85 x 60 x 40 mm) fixed at the bottom. Normal and tangential forces 
are applied eccentrically on the metal plate. 
BI-DIRECTIONAL FRICTION TEST 
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Figure A.4 Experimend friction load (y)-dislacement(y) curve under monotonically 
increasing tangential load F, preloaded in perpendicular direction x by F, expressed as a 
percentage of F, which is the mean interface resistance force in uni-directional test. ï h e  
standard deviation is given for each case at the final point only. 
O 20 40 60 80 
RELATIVE TANGENTIAL DISPLACEMENT, Dx (microns) 
Figure AS Experimentai friction load (y)-dislacement (x) curve under monotonically 
increasing tangentiai load F, preloaded in perpendicular direction x by F, expressed as a 
percentage of F, which is the mean interface resistance force in uni-directional test. The 
standard deviation is given for each case at the final point only. 
I BI-DIRECTIONAL FRICTION TEST 
A 1 POLYURETHANE CUBE ON BEAD WROUS-COATED PLATE 
RELATIVE T41jGENTITIALTI D SPLACEMENT Dy (microns) 
Figure A.6 Predicted load (y)-dislacement (y) curve of bi-directional fiction tests in 
presence of various preloads in the x direction. Fm is the mean maximum tangential force 
measured in uni-directional test, 
- - 
BI-DIRECTIONAL FRICTION TEST 
POLYURETHANE CUBE ON BEAD POROUS-COATED PLATE 
O 20 40 40 80 
RELATIVE TANGENTIAL DISPLACEMENT. Dx (microns) 
Figure A.7 Predicted Ioad (y)-dislacement (x) curve of bi-directional fiction tests in 
presence of various preloads in the x direction. Fm, is the mean maximum tangential force 
measured in uni-directional test. 
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Figure A.8 Predicted shear force (FI)-dislacement (U,) response at point A under the 
preloads in directions 1 and 3 for the cases with and without coupling terms. 
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DISPLACEMENT AT POINT A, TJ2 (microns) 
Figure A.9 Predicted shear force (F,)-dislacement (U3  response at point A under the 
preloads in directions 1 and 3 for the cases with and without coupling terms. 
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Figure AS0 Predicted shear force (F2)-dislacement (U,) response at point B under the 
preloads in directions 1 and 3 for the cases with and without coupling terms. 
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COUPLiNG . . . . . . . . 
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DISPLACEMENT AT POINT B, US (microns) 
Figure A. Il Predicted shear force (F&dislacement (U,) response at point B under the 
preloads in directions 1 and 3 for the cases with and without couplhg terms. 
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Figure A. 1 2 Predicted tangentid displacement (U ,) dong AB on top of the plate under final 
loads for the cases with and without coupling terms. 
20 40 60 80 
A-B DISTANCE (mm) 
Figure A. 13 Predicted tangential displacement (U,) dong AB on top of the plate under final 




A-B DISTANCE (mm) 
Figure A. 14 Predicted tangential displacement (U,) dong AB on top of the plate under final 
loads for the cases with and without coupling terms. 
EFFECT OF LOADINGNNLOADING CYCLE 
ON TEE FWCTION PROPERTIES AND PULGOUT TESTS 
EFFECT OF LOADING/UNLOADING CYCLE 
ON THE FFUCTION PROPERTlES AND PULL-OUT TESTS 
B.1 INTRODUCTION 
The important roleof friction and screws/posts on thehationstability ofthe implant has been 
discussed in chapten 2, 3 and appendix A. In those studies the load was assumed to be 
monotonic. Since knee-implant systerns undergo cyclic loading, fatigue analys is will be required to 
simulate long-term performance of prostheses. To study the effect of ahIl loadin~unfoading cycle 
on the knee-implant structure, the interface fiiction properties and pull out responses were 
investigated. These parameters. like friction properties at the interface of bone and implant, and 
pull-out resistance force of posts and screws have direct impact on the overall implant cyclic 
response. For this purposeand in order to initiate such shidy, a few cycles of Friction tests and axial 
pull-out tests are perfonned and proper FE models are also developed and validated. The 
measund fatigue performance of the interface between the bone and the porous surface plate, a f k  
being validated in pull-out mode1 studies, could be used in FE study of tibia1 knee implants to 
predict the permanent migration of the implant overthe long tem penod (Ryd et ai., 1988; Ryd 
et a., 1993) 
B.2 METHODS 
Experimental model of fiction tests performed at the interface between polyurethane and porous 
surface metal are presented. Then, pull-out response in a cycle of loading/unloading is discussed 
using both experimental and FE model studies. 
B.2.1 Friction tests 
Experimental friction tests were aimed to investigate the friction properties at the 
polyurethane-porous coated metal interface in a uni-directional loading and unloading cycle 
required for a fatigue study. 
Test apparatus The experimental apparatus developed earlier (Shirazi-Ad1 et al., 1993) for the 
uni-directional friction tests was used to perfom loading-unloading friction tests. Aschernatic 
representation of the friction test apparatus is s h o w  in Figure 2.3. 
Preparation of specimens A beaded porous-surfaced metal plate (made of Vitallium, 
Howmedica, Rutherford, NI) with the surface texture similar to those currently used in cementless 
implants was used. This plate was used in the eariier studies in uni-directional fiction tests (Shirazi- 
Adl et ai., 1993). Polyurethanespecimens ofsimilar dimensions were also cut forthe friction tests. 
The use of polyurethane (at least four specimens in each case) was due to its availability, 
homogeneity, and rnatenal andstructural properties similar tothoseofthe hurnan tibia1 cancellous 
bone. A smooth-surfaced stainîess steei plate was &O used in the uni-directional loading/unloading 
friction tests. 
Experimental procedure To peerfom unidirectional fnction tests, cubic specimens of 
polyurethane were placed on the top of metal plates @orous/smooth-surfaced metal plates). The 
Normal pressures of 0.2 and 0.35 were used for porous/smooth-surfaced metal plates, 
respectively. Tangential force was applied via cable at the interface level to avoid undesired 
moments. Similar to the earlier uni-directional tests, tangential load-displacemen t curve at the 
interface was measured. During the tests, the tangential force was removed at various load levels 
and the unloading part of the curve was recorded as well. 
B.2.2 Pull-out loading/unloading behavior 
Experi mental test To determine the parameten afFecting fixation behavior ofsnews and posts. 
pull-out tests were perfomed. Loading-unloading pull-out tests were performed to determine 
residual stresses andlor displacements at the interface. Experimentai results were used to validate 
the axisyrnmeaic FE models ofpull-out tests. Thetest procedure was similar to those perfomed 
by Shirazi-Ad1 et al., ( 1  994). A porous-coated post provided by Howmedica (Howmedica, 
Ruthenord, NJ) and a stainless smooth-surfaced post were used in these expenments. The 
diameter of posts was 8.75 mm. Polyurethane cylinders with 30 mm diameter and 40 mm height 
werenrepared. The inside diarneter of cylinden before inserting the posts (Le., drill size) was 8 
mm. X special fixation set-up was used to hold these cylinden in place during the pull-out tests. 
The outer d a c e  of cylinders was tixed. The pull-out resistance force venus displacement curves 
were measured. During these tests, unloading behaviorat different load levels was also registered. 
Each loading step included loading up to a prescribed Ioad, unloading to zero load, and reloadinç 
to the previous prescnbed load. These steps were repeated two tirnes for each test specimens. 
Four specimens were used for each test. 
FE mode1 Pull-out tests were analyzed using nonlinear, axisymmetric FE analyses. The FE 
models composed of 163 quadrilateral bilinear elastic elements for the metallic post and 
polyurethanecylinder, and twelve nonlinear contact elements along the interface. Contact elernents 
relate the amount ofshearstress that can be transferred along the interface element to amount of 
relative displacement that is occurred at the interface. These elements were not allowed to transfer 
tensile stresses but cm transfer compressive stresses. The ultimate shear stress was related to the 
normal stress by M o n  coeftitcient. Ifthe shear stress exceeds the measured ultimate shear strengtb 
ofthe sumunding matenal, the contact condition changes fiom stick to slip state. Elastic moduli 
of 720 GPa and 40 MPa were assigned to the post and polyurethane materials, respectively. A 
Poisson's ratio of 0.3 was used for both materials. The measured nonlinear loading/unloading 
curves were used to mode1 the interface. Friction coefficient of 0.38 and 0.2 were used forthe 
porous and smooth-surfaced posts, respectively. The FE mesh of cylinder and inserted post is 
shown in Figure B. 1.  The ABAQUS code was used to perform these analyses. 
B.3 RESULTS 
B.3. I Friction tests 
The friction curve measured under monotonically increasing/decreasing tansential load for 
porous-surfaced plate is presented in Figure 8.2. Thae  experiments suggest that the friction 
response is mainly irreversible. At normal load equal to one (normalized) , the unloading stiffness 
is found to be 24.-t2.8 (mean * SD) and 29.7I2.1 (NI pm) for porous and smooth-surfaced 
plates, respectively. Repeating the loading/unloading cycle at different load levels did not affect 
these values. 
B.3.2 Loading/unloading pull-out tests 
A typical pull-out load/Unload-displacement response for porous posts is s hown in Figure B .3. The 
FE results for a porous- and smooth-coated posts are presented in Figure B.4 and B.5,  
respectively. Two different stiffnesses were used in analpis; One based on friction tests while the 
other based on a perfectly plastic behaviorof friction. As it is seen the unloading stiffness based 
on the friction tests yields results that are in better agreement with experimental results than those 
based on infinite unloading stifiess. The cornparison is more evident in porouscoated posts due 
to their larger relativedispiacements. The program is developed so that it can be used for different 
unloading stiffnesses including the infinite one. 
B.4 DISCUSSION 
In this work the effect of loading/u/unloadin~ on uni-directional friction properties at the interface 
between po l yurethane and the porous/smooth-surfaced rnetal plate was investi yated . Moreover, 
the influence of repetitive loading on pull-out response was analyzed using both experimental and 
FE methods. 
B.4.1 Friction tests 
The friction tests were peiformed under rnonotonically increasing/decreasing tangential load for 
porous and smooth-surfaced plates. Nonlinear curves similar to those of the earlier studies 
(Rancourt et al., 1990; Shirazi-Adl, 1993) were found. These experiments suggested that the 
friction response is mainly irreversible, regardless of the surfaces used in the experiment. 
Polyurethane/porous-surfaced metal plate interface generated larger residual displacement in 
unloading than the polyurethane/smooth-surfaced interface. The reloading slope was identicai to 
the unloading one and no sigrilf~cant change in fiction properties was observed d e r  repeating the 
tests for a few cycles. The unloading s tiffnesses (slopes) found in fiction tests were im plemented 
in FE mode1 study of pull-out tests. 
B.4.2 Axial loadinghnloading pull-out tests 
The loading-unloading behaviorof pull-out tests were investigated using both experimentai and FE 
mode1 studies. Experimental tests revealed nonlinear loaddisplacement behavior for both posts, 
particularly for the porous-surfaced one. TheFE models ofthe pullaut specirnens accurately 
represented the glo bal load-displacement behavior. This was accom pl ished b y using nonlinear 
friction interface elements at the pst-polyurethane interface. niemechanism of load transfer from 
the p s t  to the polyurethane was determineci fiom theanaiysis of rneasurernent and FE results. The 
largest strain at the interface elements occurred at the tip of the pos t. The FE analyses predicted 
a largeshear stress concentration at the tip of the post. Since the interface could only support a 
limited magnitudeofshearstress. slipping beiween post and polyurethane initiated in this region. 
As the magnitudeof the applied load increased, the region ofsiipping extended upward from the 
tip oftheposr. The entire interfacewas in aslip state when shearstress ateach point exceeds its 
corresponding shear limit. 
During the unloading part, the post-polyurethane interface remained in a stick state dong the 
interface. The unloading and reloading slopes ofthecurves remained unchangxî, regardless of the 
magnitude of the load prior to unloading. In unloading, a residual displacement was always present 
which was due to the relative micromotion between post and cylinder durinç loading. The amount 
of longitudinal relative motion between p s t  and cylinder depended on the prescribed load, and, 
hence, on the nonlinear friction at the interface. The normal stresses due to press fit (initial 




SMOOTHPOROUS-COATED POST ! 
POLYURETHANE CYLiNDER 
Figure B. 1 Axisyrnme@ic finite element mesh representation of the pull-out test specimen. 
The cylinder is fixed completely dong the outer surface. 
Displacement (pm) 
Figure B .Z The tangentid IoacUunload-displacement response of a beaded porous-surfaced 
plate in contact with polyurethane. Solid line is based on experiments while the dashed line 
presents the completely irreversible fiction behavior (Pn=l N). 
Displacement (pm) 
Figure 8 . 3  Atypicd pull-out load/unioad-displacement response of a beaded porous-coated 
post in polyurethane. (Post diameter DE8.75 mm, cylinder diameter D=30mm, drill size 
DS=8.0 mm, insertion depth L=20 mm). 
Displacement (pm) 
Figure B.4 A pull-out loadlunload-displacement response of a beaded porous-coated post 
in polyurethane. Unioading cwes  are for 60%, 75% and 90% of ultimate pullsut load. 
Friction unloading stifniess is equai to 24.2 (Nfrnm) and for soiid line and dashed line, 
respective1 y. 
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Figure B.5 A pull-out load/unload-displacement response of a smooth surfaced post in 
polyurethane. Unloading curve is for 90% of ultirnate pull-out load. Friction unloading 
stiffness is equal to 29.7 (N/rnm) and 00 for solid line and dashed line, respectively. 
SUPPLEMENTARY WSULTS OF THE 
FiNITE ELEMENT ANALYSIS OF TIBIAL IMPLANTS 
Figure C. 1 Relative position of tibia1 baseplate component to cortical bone from two 
perspectives. The baseplate is sitting entirely on the cortical bone except in some regions. 
Figure C.2 Relative position of  polyethylene insert to tibia1 baseplate from two 
perspectives. Baseplate overlaps polyethylene. 
Figure C.3 Normal stress distribution, SI,, (M-L) in difTerent Iayen of the polyethylene 
component. 
Figure C.4 N o m d  stress distribution, S, (A-P) in different layers of the polyethylene 
component. 
VALUE 1 
Figure CS Normal stress distribution, S,,, (axial) in different layen of the polyethylene 
component. 
VALUE / " I ~  +4.99E-O2 
Figure C.6 Mises stress distribution in different layers of the polyethylene component. 
Figure C.7 Relative micromotion distribution at the bone-implant interface. for no fixation, 
post fixation and screw fixation, respectively (top to bottom). 
1 
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Figure C.8 Distribution of normal strain components within the cortical bone for no 
fixation configuration 
F.! i ' I A  L'JE 
Figure C.9 Distribution of normal strain components within the cortical bone for post 
fixation configuration 
Figure C. 10 Distribution of normal strain components within the cortical bone for screw 
fixation configuration 
